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ABSTRACT
The significance of thermal-hydrological-mechanical-chemical (THMC) interactions is
well recognized in the operation of CO2 geo-sequestration. Geo-mechanical and geo-chemical
effects may significantly affect aqueous phase composition, porosity and permeability of the
formation, which in turn influence flow and transport. The TOUGHREACT simulator (Xu
et al. 2004c) has the capability to quantitatively simulate fluid flow, solute transport and
geochemical reaction in CO2 geo-sequestration using sequential coupling. Using a mean
stress formulation, geomechanical effects such as stresses, displacements, and rock deforma-
tion in CO2 sequestration have been simulated by the recently developed TOUGH2 CSM
(Winterfeld & Wu 2012). Based on these simulators, in this research a novel mathematical
model of the THMC processes is developed. Two computational frameworks, sequentially
coupled and fully coupled, are proposed and used to simulate reactive transport of CO2
in subsurface formation with geomechanics. The novel frameworks are designed to keep
a generalized computational structure for different THMC processes. The coupled THMC
simulators focus on: (1) fluid and heat flow, solute transport within a three-phase mixture,
(2) stresses and displacements related to the mean stress, (3) non-isothermal effects on fluid
properties and reaction processes, and (4) the equilibrium and kinetics of fluid-rock and
gas-rock chemical interactions. A set of partial differential equations is formed to model the
THMC processes. The capabilities of the models are verified by four analytical solutions.
Finally, nine reactive transport models with general chemical compositions are presented to
analyze the THMC processes quantitatively, especially on the coupled effects of geo-chemical
reaction and geo-mechanics on CO2 geo-sequestration process, and the long term fate of CO2
and its sensitivity on mineralogical compositions with respect to key minerals.
The THMC models have the previously unavailable capability to simulate the fluid and
heat flow, solute transport in aqueous and gaseous phase, mean stress, and geochemical reac-
iii
tions under equilibrium and kinetic conditions. The preliminary findings from the modeling
studies are summarized below: geochemical reactions leading to favorable mineral trapping
include dissolution of plagioclase feldspar and chlorite minerals, and precipitation of car-
bonate and silicate minerals. In terms of efficacy for the trapping mechanisms, structural
trapping is the dominating mechanism during supercritical CO2 injection period, and min-
eral trapping dominates during long term storage period. In a typical sandstone formation,
the efficacy of mineral trapping increases from zero percent at the early injection period to
65 percent after 10,000 years. The efficacy of mineral trapping increases with the increasing
volume fraction of oligoclase, and decreases by 25 percent when there is no oligoclase in the
formation.
The geochemical reactions do not have significant impact on the mean stress, pressure or
temperature, but the thermal transport affects mean stress and geochemical reactions. Cold
CO2 injection cools down the formation leading to accelerated CO2 and calcite dissolution.
The kinetic reaction rate for anorthite dissolution and kaolinite precipitation are small, and
dissolution of anorthite leads to kaolinite precipitation.
As a result of large volume injection of CO2, the pore pressure and mean geo-stress
increase significantly under the caprock, and this may lead to stability problems. The upward
migration of supercritical CO2 speeds up through permeable faults created by permeability




ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
CHAPTER 1 INTRODUCTION AND BACKGROUND . . . . . . . . . . . . . . . . . . 1
1.1 Physical Mechanisms of CO2 Geo-sequestration . . . . . . . . . . . . . . . . . . 1
1.2 Description for THMC Processes . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Physical Mechanism for Geochemistry . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.1 Rock Compositions and Chemical Reaction Data . . . . . . . . . . . . . 9
1.3.2 Important Rock Minerals for Trapping CO2 . . . . . . . . . . . . . . . 25
1.3.3 Chemical Reaction Pathway . . . . . . . . . . . . . . . . . . . . . . . . 25
1.4 Numerical Simulations for THMC Processes . . . . . . . . . . . . . . . . . . . 29
1.5 Numerical Simulation Scheme and Algorithm . . . . . . . . . . . . . . . . . . . 38
1.6 Purpose and Objective of Study . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.6.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
1.6.3 Dissertation Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
v
CHAPTER 2 MATHEMATICAL MODEL . . . . . . . . . . . . . . . . . . . . . . . . 43
2.1 General Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2 Mass Conservation Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3 Energy Conservation Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.4 Mean Stress Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.5 Constraint Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6 Chemical Reaction Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.7 Stress-dependent Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7.1 Porosity Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7.2 Permeability Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.8 Chemical-reaction-dependent Equation . . . . . . . . . . . . . . . . . . . . . . 53
2.8.1 Porosity Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.8.2 Permeability Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . 53
CHAPTER 3 NUMERICAL SCHEME AND ALGORITHM . . . . . . . . . . . . . . . 54
3.1 Sequentially Coupled Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.1.1 Fluid Flow, Heat Transfer and Geomechanical Equations . . . . . . . . 54
3.1.2 Discretization and Solution Method for Fluid and Heat Flow,
Geomechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1.3 Solute Transport for Gaseous and Aqueous species . . . . . . . . . . . . 58
3.1.4 Discretization and Solution Method for Solute Transport . . . . . . . . 60
3.1.5 Chemical Reaction Equation . . . . . . . . . . . . . . . . . . . . . . . . 61
3.1.6 Discretization and Solution Method . . . . . . . . . . . . . . . . . . . . 62
3.1.7 Code Structure for Sequentially Coupled THMC Model . . . . . . . . . 62
vi
3.2 Fully Coupled Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2.1 Mathematical Equations for THMC Processes . . . . . . . . . . . . . . 64
3.2.2 Discretization and Solution Method . . . . . . . . . . . . . . . . . . . . 65
3.2.3 Convergence Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.2.4 Code Structure of Fully Coupled THMC Model . . . . . . . . . . . . . 67
CHAPTER 4 VERIFICATION AND VALIDATION OF THE NUMERICAL
SCHEME . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.1 1D Reactive Transport with Equilibrium Chemical Reaction . . . . . . . . . . 75
4.2 1D Reactive Transport with Kinetic Chemical Reaction . . . . . . . . . . . . . 78
4.3 1D Heat Conduction in Porous Media . . . . . . . . . . . . . . . . . . . . . . . 79
4.4 1D Consolidation in Porous Media . . . . . . . . . . . . . . . . . . . . . . . . . 83
CHAPTER 5 APPLICATIONS IN CO2 GEO-SEQUESTRATION . . . . . . . . . . . 87
5.1 Batch Reaction with Equilibrium Chemical Reactions . . . . . . . . . . . . . . 87
5.1.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.1.2 Result Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Batch Reaction with Equilibrium and Kinetic Chemical Reactions . . . . . . . 91
5.2.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.2 Result Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.3 Chemical Equilibrium in 1D Geochemical System . . . . . . . . . . . . . . . . 96
5.3.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.2 Result Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.4 Complex Chemical Reactions and Geomechanics in 1D Radial System . . . . 109
5.4.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
vii
5.4.2 Hydrological and Mechanical Effects: Structural Trapping . . . . . . 111
5.4.3 Equilibrium Chemical Reactions: Solubility Trapping . . . . . . . . . 112
5.4.4 Boundary Effect: Structural Trapping and Solubility Trapping . . . . 114
5.4.5 Kinetic Chemical Reactions: Mineral Trapping . . . . . . . . . . . . . 114
5.4.6 Permeability and Porosity Change by Mechanical and Chemical
Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.4.7 Contributions of the Three Trapping Mechanisms . . . . . . . . . . . 118
5.4.8 Effects of Oligoclase Presence on Mineral Trapping . . . . . . . . . . 119
5.5 Complex Chemical Reactions and Geomechanics in 2D System . . . . . . . . 135
5.5.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.5.2 Hydrological and Mechanical Effects: Structural Trapping . . . . . . 141
5.5.3 Phase Equilibrium and Chemical Equilibrium: Solubility Trapping . . 143
5.5.4 Mineral Dissolution and Precipitation: Mineral Trapping . . . . . . . 144
5.5.5 Contributions of the Three Trapping Mechanisms . . . . . . . . . . . 147
5.6 Chemical Reaction and Geomechanics in 2D Layered Formation . . . . . . . 163
5.6.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
5.6.2 Hydrological Effects and Mechanical Effects: Structural Trapping . . 175
5.6.3 Permeability and Porosity Change by Mechanical Effects . . . . . . . 180
5.6.4 Phase Equilibrium and Chemical Equilibrium: Solubility Trapping . . 180
5.6.5 Mineral Dissolution and Precipitation: Mineral Trapping . . . . . . . 182
5.6.6 Contributions of Mineral Trapping Mechanism . . . . . . . . . . . . . 185
5.7 THMC Model with CO2 Dissolution . . . . . . . . . . . . . . . . . . . . . . . 227
5.7.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
viii
5.7.2 Fully Coupled THMC Solution . . . . . . . . . . . . . . . . . . . . . 229
5.8 THMC Model with Equilibrium Chemical Reactions . . . . . . . . . . . . . . 241
5.8.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
5.8.2 Fully Coupled THMC solution . . . . . . . . . . . . . . . . . . . . . . 244
5.9 THMC Model with Kinetic Chemical Reactions . . . . . . . . . . . . . . . . 256
5.9.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
5.9.2 Fully Coupled THMC Solution . . . . . . . . . . . . . . . . . . . . . 264
CHAPTER 6 SUMMARY AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . 279
CHAPTER 7 LIMITATIONS AND RECOMMENDATIONS . . . . . . . . . . . . . 282
REFERENCES CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
APPENDIX A - DERIVATION OF MEAN STRESS EQUATION . . . . . . . . . . . 294
APPENDIX B - PHASE EQUILIBRIUM CALCULATION PROCEDURE . . . . . . 299
APPENDIX C - DERIVATION OF CHEMICAL REACTION MODULE OF
SEQUENTIALLY COUPLED MODEL . . . . . . . . . . . . . . . . 302
APPENDIX D - ANALYTICAL SOLUTION FOR EQUILIBRIUM MINERAL
DISSOLUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
APPENDIX E - ANALYTICAL SOLUTION FOR KINETIC MINERAL
DISSOLUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311
APPENDIX F - ANALYTICAL SOLUTION FOR 1D RADIAL HEAT
CONDUCTION PROBLEM . . . . . . . . . . . . . . . . . . . . . . 313
APPENDIX G - MODEL DERIVATION FOR BATCH REACTION WITH
CHEMICAL EQUILIBRIUM . . . . . . . . . . . . . . . . . . . . . . 317
APPENDIX H - MODEL DERIVATION FOR CHEMICAL EQUILIBRIUM IN 1D
GEOCHEMICAL SYSTEM . . . . . . . . . . . . . . . . . . . . . . 320
APPENDIX I - DERIVATION FOR THMC MODEL WITH CO2 DISSOLUTION . 323
ix
APPENDIX J - DERIVATION FOR THMC MODEL WITH CHEMICAL
EQUILIBRIUM REACTIONS . . . . . . . . . . . . . . . . . . . . . 327
APPENDIX K - DERIVATION FOR THMC MODEL WITH CHEMICAL
KINETIC REACTIONS . . . . . . . . . . . . . . . . . . . . . . . . 332
x
LIST OF FIGURES
Figure 1.1 The Sketch for trapping mechanism during CO2 geo-sequestration: (a)
Structural Trapping; (b) Residual Trapping ; (c) Mineral Trapping;
(d) Solubility Trapping ; (e) Trapping Contribution . . . . . . . . . . . . . 5
Figure 1.2 Sketch for THMC processes during CO2 injection into the saline
aquifer in the perspective of pore structure: (a) original pore structure
under hydrostatic equilibrium; (b) shrunk pore structure under fluid
injection; (c) pore structure after CO2 injection of short period; (d)
phase re-equilibrium between water and gas after CO2 injection; (e)
pH value evolution due to solubility of gaseous CO2; (f) aquifer
salinity evolution due to pH change in a relatively long period; (g)
mineral dissolution due to acidized environment in a long period; (h)
mineral precipitation due to interacting of different species in a very
long period; (i) pore structure evolution due to mineral evolution in
thousands of years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Figure 1.3 The frequency and contribution of different original rock minerals
present in the geochemistry system modelled previously. . . . . . . . . . 26
Figure 1.4 The frequency and contribution of different secondary rock minerals
present in the geochemistry system modelled previously. . . . . . . . . . 26
Figure 1.5 The sketch for the chemical reaction pathway in the THMC processes
during CO2 geo-sequestration . . . . . . . . . . . . . . . . . . . . . . . . 28
Figure 3.1 The flow chart of TOUGHREACT simulator . . . . . . . . . . . . . . . . 69
Figure 3.2 The original code structure of TOUGHREACT simulator. . . . . . . . . 70
Figure 3.3 The flow chart of the proposed sequentially coupled THMC simulator. . 71
Figure 3.4 The code structure of the proposed sequentially coupled THMC
simulator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
Figure 3.5 The flow chart of the proposed fully coupled THMC simulator. . . . . . 73
Figure 3.6 The code structure of the proposed fully coupled THMC simulator. . . . 74
Figure 4.1 Concentration profiles for two species A and B in a problem involving
dissolution of a mineral AB(s) under conditions of local equilibrium . . 77
xi
Figure 4.2 Concentration profiles for two species A and B in a problem involving
dissolution of a mineral AB(s) under conditions of kinetics. . . . . . . . 80
Figure 4.3 Sketch for the conceptual model for the constant heat injection into
formation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Figure 4.4 Analytical and numerical solutions comparison for 1D radial heat
conduction in rock formation . . . . . . . . . . . . . . . . . . . . . . . . 82
Figure 4.5 Analytical and numerical solutions comparison for pressure profile of
1D consolidation problem . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Figure 4.6 Analytical and numerical solutions comparison for vertical
displacement of 1D consolidation problem . . . . . . . . . . . . . . . . . 86
Figure 5.1 The original rock mineral compositions . . . . . . . . . . . . . . . . . . . 96
Figure 5.2 The evolution of pH value during CO2 squestration . . . . . . . . . . . . 97
Figure 5.3 The volume fraction change of CaCO3(s) in the rock matrix . . . . . . . 97
Figure 5.4 The volume fraction change of rock minerals in the rock matrix . . . . . 98
Figure 5.5 The volume fraction change of precipitated minerals in the rock matrix . 98
Figure 5.6 The rock mineral compositions after reaction with CO2 . . . . . . . . . . 99
Figure 5.7 CO2(g) pressure profiles after 1 year’s injection simulated by different
simulator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Figure 5.8 CO2(g) saturation profiles after 1 year’s injection simulated by
different simulator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Figure 5.9 CO2(g) partial pressure evolution profiles at the CO2(g) injection
point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Figure 5.10 pH value profiles simulated by the fully coupled simulator and the
TOUGHREACT simulator. . . . . . . . . . . . . . . . . . . . . . . . . 105
Figure 5.11 Dissolved concentration of CaCO3(s) by the fully coupled simulator
and the TOUGHREACT simulator. . . . . . . . . . . . . . . . . . . . 106
Figure 5.12 Dissolved concentration of CO2(g) by the fully coupled simulator and
the TOUGHREACT simulator. . . . . . . . . . . . . . . . . . . . . . . 107
xii
Figure 5.13 Total concentration of HCO−3 by the fully coupled simulator and the
TOUGHREACT simulator. . . . . . . . . . . . . . . . . . . . . . . . . 108
Figure 5.14 Total concentration of Ca2+ by the fully coupled simulator and the
TOUGHREACT simulator. . . . . . . . . . . . . . . . . . . . . . . . . 109
Figure 5.15 Pressure and Saturation profile after 10 years’ CO2 injection: (a)
pressure distribution profile in the 70 m area close to wellbore; (b)
pressure distribution profile in the area between 70 m to 1250 m; (c)
pressure distribution profile in the area between 1250 m to 1000 m; (d)
Saturation distribution profile in the entire reservoir after 10 years’
CO2 injection; (e) Pressure buildup profile in the entire reservoir after
10 years’ CO2 injection. . . . . . . . . . . . . . . . . . . . . . . . . . . 122
Figure 5.16 Pressure evolution during 10 years’ CO2 injection . . . . . . . . . . . . 123
Figure 5.17 Semi-log plot of pressure evolution during 10 years’ CO2 injection . . . 123
Figure 5.18 Mean stress profile after 10 years’ CO2 injection period . . . . . . . . . 124
Figure 5.19 Volumetric strain profile after 10 years’ CO2 injection period . . . . . . 124
Figure 5.20 CO2(gas) saturation profile during 10 years’ CO2 injection . . . . . . . 125
Figure 5.21 CO2(gas) saturation profile during 10,000 years’ CO2 storage period . 125
Figure 5.22 Salt precipitation profile during 10 years’ CO2 injection period . . . . . 126
Figure 5.23 Salt precipitation profile during 1,000 years’ CO2 storage period . . . . 126
Figure 5.24 pH evolution profile during 10,000 years’ CO2 storage period . . . . . . 127
Figure 5.25 Pressure evolution during 10 years’ CO2 injection for Case 2 with
infinite boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Figure 5.26 Semi-log plot of pressure evolution during 10 years’ CO2 injection for
Case 2 with infinite boundary . . . . . . . . . . . . . . . . . . . . . . . 129
Figure 5.27 Mean stress profile after 10 years’ CO2 injection period for Case 2
with infinite boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Figure 5.28 Volumetric strain profile after 10 years’ CO2 injection period for Case
2 with infinite boundary . . . . . . . . . . . . . . . . . . . . . . . . . . 130
xiii
Figure 5.29 CO2(gas) saturation profile during 10 years’ CO2 injection for Case 2
with infinite boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
Figure 5.30 CO2(gas) saturation profile during 10,000 years’ CO2 storage period
for Case 2 with infinite boundary . . . . . . . . . . . . . . . . . . . . . 131
Figure 5.31 Volume fraction change of quartz during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Figure 5.32 Volume fraction change of oligoclase during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Figure 5.33 Volume fraction change of chlorite during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Figure 5.34 Volume fraction change of smectite-Na during 10,000 years’ CO2
storage period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Figure 5.35 Volume fraction change of calcite during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Figure 5.36 Volume fraction change of dawsonite during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
Figure 5.37 Volume fraction change of ankerite during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
Figure 5.38 The amount of CO2(gas) sequestrated in rock mineral during 10,000
years’ CO2 storage period . . . . . . . . . . . . . . . . . . . . . . . . . 135
Figure 5.39 Porosity evolution profile during 10,000 years’ CO2 storage period . . . 136
Figure 5.40 Permeability evolution profile during 10,000 years’ CO2 storage period 136
Figure 5.41 Trapping contribution of CO2(gas) during 10,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Figure 5.42 Trapping mechanism contribution profile for 10,000 years’ CO2 storage
(in logarithmic axis) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Figure 5.43 Trapping contribution of CO2(gas) in Case 1 during 10,000 years’ CO2
storage period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
Figure 5.44 Trapping mechanism contribution profile in Case 1 for 10,000 years’
CO2 storage (in logarithmic axis) . . . . . . . . . . . . . . . . . . . . . 138
xiv
Figure 5.45 Trapping contribution of CO2(gas) in Case 2 during 10,000 years’ CO2
storage period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
Figure 5.46 Trapping mechanism contribution profile in Case 2 for 10,000 years’
CO2 storage (in logarithmic axis) . . . . . . . . . . . . . . . . . . . . . 139
Figure 5.47 Trapping contribution of CO2(gas) in Case 3 during 10,000 years’ CO2
storage period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
Figure 5.48 Trapping mechanism contribution profile in Case 3 for 10,000 years’
CO2 storage (in logarithmic axis) . . . . . . . . . . . . . . . . . . . . . 140
Figure 5.49 Pressure profile during 10 years’ CO2 injection period: (a) 1 year; (b)
3 years; (c) 5 years; and (d) 10 years. . . . . . . . . . . . . . . . . . . . 150
Figure 5.50 Volumetric strain profile during 10 years’ CO2 injection period: (a) 1
year; (b)3 years; (c) 5 years; and (d) 10 years. . . . . . . . . . . . . . . 151
Figure 5.51 CO2 saturation profile during 10 years’ injection period: (a) 1 year;
(b) 3 years; (c) 5 years; and (d) 10 years. . . . . . . . . . . . . . . . . 152
Figure 5.52 CO2 mass fraction in aqueous phase during 10 years’ injection period:
(a) 1 year; (b) 3 years; (c) 5 years; and (d) 10 years. . . . . . . . . . . 153
Figure 5.53 CO2 saturation profile during 3000 years’ storage period: (a) 50 year;
(b) 100 years; (c) 1,000 years; and (d) 3,000 years. . . . . . . . . . . . 154
Figure 5.54 pH value profile during 10 years’ injection period: (a) 1 year; (b) 3
years; (c) 5 years; and (d) 10 years. . . . . . . . . . . . . . . . . . . . . 155
Figure 5.55 pH value profile during 3,000 years’ storage period: (a) 50 year; (b)
100 years; (c) 1,000 years; and (d) 3,000 years. . . . . . . . . . . . . . 156
Figure 5.56 The volume fraction change of chlorite during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
Figure 5.57 The volume fraction change of K-feldspar during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Figure 5.58 The volume fraction change of oligoclase during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
xv
Figure 5.59 The volume fraction change of calcite during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
Figure 5.60 The volume fraction change of illite during 3,000 years’ storage period:
(a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years. . . . 161
Figure 5.61 The volume fraction change of quartz during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
Figure 5.62 The volume fraction change of smectite-Na during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
Figure 5.63 The volume fraction change of smectite-Ca during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Figure 5.64 The volume fraction change of ankerite during 3,,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
Figure 5.65 The volume fraction change of magnesite during 3,000 years’ storage
period: (a) 500 year; (b)1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
Figure 5.66 The volume fraction change of albite during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Figure 5.67 The volume fraction change of siderite during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Figure 5.68 The amount of CO2 sequestrated in rock mineral during 3,000 years’
storage period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d)
3,000 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
Figure 5.69 Trapping contribution of CO2(gas) during 3,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Figure 5.70 Trapping contribution of CO2(gas) during 3,000 years’ CO2 storage
period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
xvi
Figure 5.71 Conceptual model profile along the vertical section with four different
simulation domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
Figure 5.72 Conceptual model profile along the vertical section with five different
simulation domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
Figure 5.73 Saturation contour profile of the supercritical CO2 gas in the target
saline aquifer for Case 1 during 30 years’ injection period: (a) 1 year,
(b) 3 years, (c) 5 years, (d) 10 years, (e) 20 years and (f) 30 years. . . 191
Figure 5.74 Spread of the supercritical CO2 gas in the target saline aquifer for
Case 1 during 30 years injection period (curves from inward to
outward: 1 year, 3 years, 5 years, 10 years, 20 years and 30 years). . . 192
Figure 5.75 Saturation contour profile of the supercritical CO2 gas in the target
saline aquifer for Case 2 during 30 years’ injection period: (a) 1 year,
(b) 3 years, (c) 5 years, (d) 10 years, (e) 20 years and (f) 30 years. . . 193
Figure 5.76 Spread of the supercritical CO2 gas in the target saline aquifer for
Case 2 during 30 years injection period: (curves from inward to
outward: 1 year, 3 years, 5 years, 10 years, 20 years and 30 years). . . 194
Figure 5.77 Pressure, mean stress and volumetric strain contour profile for Case 1
after 1 year’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
Figure 5.78 Pressure, mean stress and volumetric strain contour profile for Case 1
after 3 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
Figure 5.79 Pressure, mean stress and volumetric strain contour profile for Case 1
after 5 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Figure 5.80 Pressure, mean stress and volumetric strain contour profile for Case 1
after 10 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
xvii
Figure 5.81 Pressure, mean stress and volumetric strain contour profile for Case 1
after 20 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Figure 5.82 Pressure, mean stress and volumetric strain contour profile for Case 1
after 30 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
Figure 5.83 Pressure, mean stress and volumetric strain contour profile for Case 2
after 1 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Figure 5.84 Pressure, mean stress and volumetric strain contour profile for Case 2
after 3 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
Figure 5.85 Pressure, mean stress and volumetric strain contour profile for Case 2
after 5 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Figure 5.86 Pressure, mean stress and volumetric strain contour profile for Case 2
after 10 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
Figure 5.87 Pressure, mean stress and volumetric strain contour profile for Case 2
after 20 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
Figure 5.88 Pressure, mean stress and volumetric strain contour profile for Case 2
after 30 years’ injection period: (a) pressure contour; (b) iso-pressure
line; (c) mean stress contour; (d) iso-stress line; (e) strain contour; (f)
iso-strain line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
Figure 5.89 The vertical displacement of the ground surface caused by 30 years’
CO2 injection for for Case 1. . . . . . . . . . . . . . . . . . . . . . . . 207
Figure 5.90 The vertical displacement of the ground surface caused by 30 years’
CO2 injection for for Case 2. . . . . . . . . . . . . . . . . . . . . . . . 208
xviii
Figure 5.91 Permeability change ratio profile for Case 1 after 30 years’ injection
period: (a) 1 year; (b) 3 years; (c) 5 years; (d) 10 years; (e) 20 years;
(f) 30 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Figure 5.92 Porosity change ratio profile for Case 1 after 30 years’ injection period:
(a) 1 year; (b) 3 years; (c) 5 years; (d) 10 years; (e) 20 years; (f) 30
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
Figure 5.93 Permeability change ratio profile for Case 2 after 30 years’ injection
period: (a) 1 year; (b) 3 years; (c) 5 years; (d) 10 years; (e) 20 years;
(f) 30 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
Figure 5.94 Porosity change ratio profile for Case 2 after 30 years’ injection period:
(a) 1 year; (b) 3 years; (c) 5 years; (d) 10 years; (e) 20 years; (f) 30
years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
Figure 5.95 CO2 gas saturation profile during 10,000 years’ storage period: (a) 100
years; (b) 500 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years;
(f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Figure 5.96 The pH value profile during 10,000 years’ storage period: (a) 30 years;
(b) 500 years; (c) 1,000 years; (d) 5,000 years; (e) 8,000 years; (f)
10,000 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
Figure 5.97 The concentration profile of Fe2+ during 10,000 years’ storage period:
(a) 100 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e)
8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . . . 215
Figure 5.98 The concentration profile of Mg2+ during 10,000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e)
8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . . . 216
Figure 5.99 The concentration profile of SiO2(aq) during 10,000 years’ storage
period: (a) 100 years; (b) 500 years; (c) 1,000 years; (d) 3,000 years;
(e) 5,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 217
Figure 5.100 The volume fraction change of oligoclase during 10,000 years’ storage
period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 218
Figure 5.101 The volume fraction change of chlorite during 10,000 years’ storage
period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 219
xix
Figure 5.102 The volume fraction change of calcite during 10,000 years’ storage
period: (a) 30 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 220
Figure 5.103 The volume fraction change of smectite-Na during 10,000 years’
storage period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d)
5,000 years; (e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . 221
Figure 5.104 The volume fraction change of quartz during 10,000 years’ storage
period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 222
Figure 5.105 The volume fraction change of albite during 10,000 years’ storage
period: (a) 1,000 years; (b) 3,000 years; (c) 5,000 years; (d) 8,000
years; (e) 10,000 years. . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Figure 5.106 The volume fraction change of ankerite during 10,000 years’ storage
period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 224
Figure 5.107 The volume fraction change of dawsonite during 10000 years’ storage
period: (a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years;
(e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . . . . 225
Figure 5.108 The amount of CO2 sequestrated in rock mineral during 10,000 years’
storage period: (a) 500 year; (b) 1,000 years; (c) 3,000 years; (d) 5,000
years; (e) 8,000 years; (f) 10,000 years. . . . . . . . . . . . . . . . . . . 226
Figure 5.109 Pressure evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
Figure 5.110 Pressure evolution subjected to supercritical CO2 injection . . . . . . . 233
Figure 5.111 CO2 gas saturation evolution subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 233
Figure 5.112 CO2 gas saturation evolution subjected to supercritical CO2 injection . 234
Figure 5.113 Temperature evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
Figure 5.114 Mean stress evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
Figure 5.115 Mean stress evolution subjected to supercritical CO2 injection . . . . . 235
xx
Figure 5.116 Volumetric strain evolution subjected to low temperature supercritical
CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
Figure 5.117 Volumetric strain evolution subjected to supercritical CO2 injection . . 236
Figure 5.118 Dissolved concentration of CO2(g) in aqueous phase for nonisothermal
case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Figure 5.119 Dissolved concentration of CO2(g) in aqueous phase for isothermal
case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Figure 5.120 Concentration of aqueous CO2(aq) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 238
Figure 5.121 Concentration of aqueous CO2(aq) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
Figure 5.122 Concentration of bicarbonate ion (HCO−3 ) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 239
Figure 5.123 Concentration of bicarbonate ion (HCO−3 ) subjected to supercritical
CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Figure 5.124 Concentration of H+ subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
Figure 5.125 Concentration of H+ subjected to supercritical CO2 injection . . . . . 241
Figure 5.126 pH value evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
Figure 5.127 pH value evolution subjected to supercritical CO2 injection . . . . . . 242
Figure 5.128 Pressure evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
Figure 5.129 CO2 gas saturation evolution subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 249
Figure 5.130 Mean stress evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Figure 5.131 Volumetric strain evolution subjected to low temperature supercritical
CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
xxi
Figure 5.132 Temperature evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
Figure 5.133 Dissolved concentration of CO2(g) in aqueous phase for nonisothermal
case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Figure 5.134 Dissolved concentration of CO2(g) in aqueous phase for isothermal
case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Figure 5.135 Equilibrium constant of calcite (CaCO3) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 252
Figure 5.136 Concentration of dissolved CaCO3(s) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 252
Figure 5.137 Concentration of dissolved CaCO3(s) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
Figure 5.138 pH value evolution subjected to low temperature supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
Figure 5.139 pH value evolution subjected to supercritical CO2 injection . . . . . . 254
Figure 5.140 Concentration of aqueous CO2(aq) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 254
Figure 5.141 Concentration of aqueous CO2(aq) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
Figure 5.142 Concentration of bicarbonate ion (HCO−3 ) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 256
Figure 5.143 Concentration of bicarbonate ion (HCO−3 ) subjected to supercritical
CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
Figure 5.144 Concentration of calcium ion (Ca2+) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 257
Figure 5.145 Concentration of calcium ion (Ca2+) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
Figure 5.146 Concentration of calcium bicarbonate ion (CaHCO+3 ) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 258
xxii
Figure 5.147 Concentration of calcium bicarbonate ion (CaHCO+3 ) subjected to
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 259
Figure 5.148 Concentration of calcium hydroxide ion (CaOH+) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 259
Figure 5.149 Concentration of calcium hydroxide ion (CaOH+) subjected to
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 260
Figure 5.150 Concentration of carbonate ion (CO2−3 ) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 260
Figure 5.151 Concentration of carbonate ion (CO2−3 ) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Figure 5.152 Volume fraction change of anorthite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 269
Figure 5.153 Volume fraction change of anorthite subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
Figure 5.154 Volume fraction change of calcite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 270
Figure 5.155 Volume fraction change of calcite subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
Figure 5.156 Volume fraction change of kaolinite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 271
Figure 5.157 Volume fraction change of kaolinite subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
Figure 5.158 Kinetic reaction rate of anorthite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 272
Figure 5.159 Kinetic reaction rate of anorthite subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
Figure 5.160 Equilibrium constant of calcite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 273
Figure 5.161 Kinetic reaction rate of kaolinite subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 273
xxiii
Figure 5.162 Kinetic reaction rate of kaolinite subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
Figure 5.163 Dissolution/precipitation concentration of calcite subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 274
Figure 5.164 Dissolution/precipitation concentration of calcite subjected to
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 275
Figure 5.165 Dissolution concentration of CO2(g) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 275
Figure 5.166 Dissolution concentration of CO2(g) subjected to supercritical CO2
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
Figure 5.167 Concentration of calcium ion (Ca2+) subjected to low temperature
supercritical CO2 injection . . . . . . . . . . . . . . . . . . . . . . . . 276
Figure 5.168 Concentration of bicarbonate ion (HCO−3 ) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 277
Figure 5.169 Concentration of aqueous silicate (SiO2(aq)) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 277
Figure 5.170 Concentration of aluminum oxide ion (AlO−2 ) subjected to low
temperature supercritical CO2 injection . . . . . . . . . . . . . . . . . 278
xxiv
LIST OF TABLES
Table 1.1 List of initial mineral volume fractions and potential secondary mineral
phases for the glauconitic sandstone . . . . . . . . . . . . . . . . . . . . . 10
Table 1.2 List of initial mineral volume fractions and potential secondary mineral
phases for Gulf Coast sediments . . . . . . . . . . . . . . . . . . . . . . . . 11
Table 1.3 Kinetic parameters for mineral dissolution and precipitation . . . . . . . . 13
Table 1.4 Initial total concentrations for dissolved chemical species in aquifer . . . . 13
Table 1.5 Kinetic parameters for mineral dissolution and precipitation . . . . . . . . 14
Table 1.6 The mineral assemblages of the Rose Run Formation . . . . . . . . . . . . 15
Table 1.7 Rate constants for silicate and carbonate minerals used in the reactive
transport simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Table 1.8 Initial brine composition of Rose Run Sandstone . . . . . . . . . . . . . . 16
Table 1.9 The mineral composition of the three samples selected from sandstone
reservoirs of the Rio Bonito Formation . . . . . . . . . . . . . . . . . . . . 17
Table 1.10 Kinetic parameters used in the modeling . . . . . . . . . . . . . . . . . . . 17
Table 1.11 Mineralogical composition of the Nordland Shale and the amounts
introduced in the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Table 1.12 Initial composition of the formation water in the cap rock . . . . . . . . . 19
Table 1.13 Molar volumes, specific surface areas and kinetic rate parameters at
37◦C of the primary and secondary minerals . . . . . . . . . . . . . . . . . 20
Table 1.14 Dogger aquifer mineralogy and list of minerals not initially present in
the reservoir but allowed to precipitate . . . . . . . . . . . . . . . . . . . . 21
Table 1.15 Chemical composition of water from the Dogger aquifer in the region of
Fontainebleau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Table 1.16 Kinetic parameters for mineral dissolution and precipitation . . . . . . . . 22
xxv
Table 1.17 Mineralogical composition of the Marly and Vuggy reservoirs . . . . . . . . 23
Table 1.18 Kinetic parameters for mineral dissolution and precipitation . . . . . . . . 24
Table 1.19 Summary of geochemical reaction software for CO2 squestration . . . . . . 37
Table 1.20 Capability comparison of geochemical reaction simulator . . . . . . . . . . 40
Table 4.1 Initial parameters for verification of the fully coupled THMC model. . . . 76
Table 4.2 Initial parameters for verification of the fully coupled THMC model. . . . 79
Table 4.3 Initial parameters for verification of the fully coupled THMC model. . . . 81
Table 4.4 Initial parameters for verification of the fully coupled THMC model. . . . 84
Table 5.1 Results comparison between fully coupled simulator and Toughreact . . . . 90
Table 5.2 Initial total concentrations for primary chemical species . . . . . . . . . . . 94
Table 5.3 Kinetic parameters for mineral dissolution and precipitation . . . . . . . . 95
Table 5.4 Initial parameters for the model in 1D geochemical system. . . . . . . . . 101
Table 5.5 Initial total concentrations for primary chemical species . . . . . . . . . . 102
Table 5.6 Initial parameters for the model in 1D radial model. . . . . . . . . . . . 120
Table 5.7 Initial total concentrations for primary chemical species . . . . . . . . . . 120
Table 5.8 Initial volume fractions of primary minerals in the model and potential
secondary minerals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Table 5.9 Initial parameters for the 2D model. . . . . . . . . . . . . . . . . . . . . 148
Table 5.10 Initial volume fractions of primary minerals in the model and potential
secondary minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
Table 5.11 Initial total concentrations for primary chemical species . . . . . . . . . . 149
Table 5.12 Detailed subdivision of the grid cell number in x, y, and z direction in
the conceptual model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
Table 5.13 Material properties for five simulation domains in the two conceptual
models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
xxvi
Table 5.14 Initial volume fractions of primary minerals in the model and potential
secondary minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
Table 5.15 Initial total concentrations for primary chemical species . . . . . . . . . . 188
Table 5.16 Initial parameters for the THMC Model. . . . . . . . . . . . . . . . . . . 231
Table 5.17 Initial total concentrations for primary chemical species . . . . . . . . . . 247
Table 5.18 Initial total concentrations for primary chemical species . . . . . . . . . . 268
Table C.1 The Jacobian matrix index for the simplified chemical reaction system . 307
xxvii
LIST OF SYMBOLS
A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . area, m2
An . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . reactive surface area, m
2/kg H2O
Cj . . . . . . . . . total concentration of related primary chemical species or components
cj . . . . . . . . . . . . concentration of related primary chemical species or components
CR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . specific heat of the rock
D̄κβ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . hydrodynamic dispersion tensor
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . gravitational acceleration, m/s2
hβ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . specific enthalpy in phase β
j . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary or base species index
k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . absolute permeability, m2
k . . . . . . . . . . . . . . . . . . . . . . aqueous complex index (for chemical reaction)
K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bulk modulus
Km . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . equilibrium constant of mineral
kn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rate constant, mole/m
2/s
krβ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . relative permeability to phase β
F . . . . . . . . . . . . . . . . . . . . . . . . . component mass flux, kg/s or body force
Fm . . . . . . . . . . . . . . . . . . . . . . . . . . . residual form of equilibrium mineral
Fg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . residual form of equilibrium gas
M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . component mass, kg
m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . equilibrium mineral index
xxviii
P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pore pressure, Pa
q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . component generation, kg/sec
qh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . heat sink and source, J/sec
R . . . . . . . . . . . . . . . . . . . . . . . . . . . . residuals of each primary component
Rreq . . . . . . . . . . . . . . . . . . . . . . . . sink or source by the chemical equilibrium
Rr . . . . . . . . . . . . . . . . . . . . . . . . . . . sink or source by the chemical kinetics
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . phase saturation
T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . temperature, ◦K
U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . phase specific internal energy, J/kg
uβ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Darcy velocity in phase β
V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . volume, m3
x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . phase mass fraction
Xm . . . . . . . . . . . . . . . . . . . . . . . the mole fraction of the m-th mineral phase
Γ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . surface area, m2
ρ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . density, kg/m3
φ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . porosity
κ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . primary components or species
α . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Biot’s effective parameter
β . . . . . . . . . . . . . . . . . . . . . . . phase or linear thermal expansion coefficient
ν . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . stoichiometric coefficient
λ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . thermal conductivity
λm . . . . . . . . . . . . . . . . . . . . . . . . . . . . thermodynamic activity coefficient
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viscosity, Pa·s
xxix
θ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . constant for chemical kinetics
η . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . constant for chemical kinetics
γ . . . . . . . . . . . . . . . . . . . . . . . . . . . activity coefficient of chemical species
τ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . convergence criterion
τm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mean stress
Ω . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . saturation index of reactant
v . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Poisson’s ratio
xxx
LIST OF ABBREVIATIONS
Intergovernmental Panel on Climate Change . . . . . . . . . . . . . . . . . . . . . . IPCC
Thermal-Hydrological-Mechanical-Chemical . . . . . . . . . . . . . . . . . . . . . THMC
Thermal-Hydrological-Chemical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . THC
Thermal-Hydrological-Mechanical . . . . . . . . . . . . . . . . . . . . . . . . . . . . THM
xxxi
ACKNOWLEDGMENTS
My utmost gratitude must go to my advisors: Dr. Yu-Shu Wu and Dr. Xiaolong Yin.
They patiently provide the vision, encouragement and advise necessary for me to proceed
through the doctorial program and complete my dissertation. I would like to thank them
for their unflagging encouragements and serving as role models of a scientist, mentor, and
engineer. They have been strong and supportive advisors to me throughout my graduate
career, and they have always given me great freedom to pursue my independent research
work.
Special thanks to my distinguished committee members: Dr. Hossein Kazemi, Dr. Philip
H. Winterfeld, Dr. Ning Lu and Dr. Alexis Navarre-Sitchler for their supports, guidances and
helpful suggestions. Dr. Kazemi has taught me three classes of reservoir simulation, which
give me a thorough understanding of numerical simulations in reservoirs. Dr. Winterfeld
always helps me solve the problems on geomechanics, and also helps me on the parallel
computing of convective mixing on the Emgcluster. Dr. Lu lets me involve one of his
projects for solar energy storage modeling, in which I enjoy the academic communication
with him. Dr. Sitchler provides me the experimental data to calibrate my numerical models.
I would like to thank Dr. Tianfu Xu, who is a staff scientist in Lawrence Berkeley National
Laboratory and the original developer of TOUGHREACT simulator. Dr. Xu has been very
helpful in providing advices to understand TOUGHREACT simulator. I also thank Dr. Keni
Zhang, who is a staff scientist in Lawrence Berkeley National Laboratory and the original
developer of TOUGH MP simulator. Dr. Zhang has been very helpful to solve the problems
on parallel computing.
The Energy Modeling Group (EMG) provides financial support for my graduate study
ever since Fall 2009, and I am proud to be a graduate student in EMG over four years.
Members of EMG also deserve my sincerest thanks, their friendship and assistance has
xxxii
meant more to me than I could ever express. I could not complete my work without their
invaluable friendly assistance, and discussions.
I also thank the sponsor of EMG: the Foundation of CMG. It is with support from the
Foundation of CMG that our group established the Emgcluster for parallel computing, my
dissertation work, the Emgcluster provides an efficient and fast parallel computing envi-
ronment to help us obtain the fruits of numerical simulations. I also thank Department of
Energy, who granted the research fundings to support graduate students in our group.
xxxiii
I dedicate this dissertation to my parents
for their constant support and unconditional love.




This chapter provides the background related to the key objectives of this dissertation in
four sections. Physical mechanisms of CO2 geo-sequestration are discussed in the first section.
The subsurface trapping mechanisms in a macroscopic view are introduced in this section. It
provides the motivation of this dissertation. In the perspective of pore structure, descriptions
of the THMC processes for CO2 geo-sequestration are discussed in the second section. In
the third section, the rock mineral compositions, the chemical concentrations in the saline
aquifer, the equilibrium constants and kinetic reaction rates in potential or existing CO2
geo-sequestration sites are categorized into three groups (sandstone, carbonate and clay),
based on the data in existing numerical simulation studies. The important rock minerals
are identified based on the frequencies of these minerals used in the existing numerical
studies. Then the chemical reaction pathway is analyzed based on rock mineral compositions
and kinetic reaction rates. In the fourth section, existing numerical simulators for THMC
processes are reviewed. Current status for numerical simulation schemes and algorithms is
discussed in the fifth section. The objectives and methodology of this study are introduced
in the last section.
1.1 Physical Mechanisms of CO2 Geo-sequestration
According to the latest report of Intergovernmental Panel on Climate Change of Unites
States (IPPC), the concentration of carbon dioxide in the atmosphere has increased by 31%
since the start of the Industrial Revolution in the eighteenth century, from around 280 parts
per million by volume (ppmv) in 1850 to around 380 ppmv to date, and is currently rising
by about 1.7 ppmv per year (IPCC, 2007). When CO2 reacts with water in the atmosphere,
soil and the ocean, carbonic acid and hydrogen ions are formed, which increase increase the
acidity of the whole environment. Around 30-40% of CO2 emitted to the atmosphere dissolves
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into the oceans (Millero, 1995), the reaction with sea water has increased ocean acidity by
0.1 pH units since pre-industrial times (IPCC, 2007). Ocean ecosystems are affected both
through acidification and by associated reductions in carbonate ion concentrations (Orr et al.,
2005). Only 20% of anthropogenic carbon dioxide emissions to the atmosphere are absorbed
by the terrestrial biosphere (Feely et al., 2004), the CO2 emissions to the atmosphere can
therefore increase the acidity of land, sea and air.
CO2 geo-sequestration is a promising solution to reduce CO2 emissions into the atmo-
sphere. Saline aquifers have the largest capacity and the most potential among the many geo-
sequestration options for long term geological sequestration (IPCC, 2005). Saline aquifers
are very large, deep, porous geological formations saturated with brine, and are often rich in
minerals. Once injected into the formation, the primary mechanisms that control the spread
and ultimate fate of CO2 include (IPCC, 2005):
• Fluid flow in response to pressure gradients created by the injection process;
• Fluid flow in response to natural hydraulic gradients;
• Buoyancy caused by the density differences between CO2 and the formation fluids;
• Diffusion;
• Dispersion and fingering caused by formation heterogeneities and mobility contrast
between CO2 and formation fluid;
• Dissolution into the formation fluid;
• Mineralization;
• Free gas trapped in;
• Adsorption of CO2 onto organic material.
The effectiveness of geological storage depends on a combination of structural, physical
and geochemical trapping mechanisms (Figure 1.1). The most effective storage sites are
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those where CO2 is immobile, e. g. trapped permanently under a thick, low-permeability
seal, converted to solid minerals, or adsorbed on the surfaces of coal micro-pores. All kinds of
the primary flow and transport mechanisms can be categorized into these three mechanisms
contributing to trap CO2 gas (IPCC, 2005):
1. Stratigraphic and Structural Trapping: Physical trapping of CO2 below cap-rocks and
above bed-rock, such as very-low-permeability shale seals or salt beds, is the principal
means to store CO2 in geological formations in Figure 1.1. Figure 1.1 (a) shows that
CO2 injected in the saline aquifer can be sealed between the cap rock and the bed
rock. Both the free CO2 gas phase and two phase mixture are trapped in this manner.
Such physical traps are often located in sedimentary basins, and are occupied by saline
water, oil and gas. Structural trapping are formed by changes in rock type caused by
variation in the setting in which the sediments were deposited. These types of traps
are suitable for CO2 storage.
After the CO2 injection into the saline aquifer, two phase mixture will be formed
rapidly. The pressure will increase rapidly accordingly, which results in significant
geo-mechanical effects in the formation. To the maximum extent of geo-mechanical
effect could be formed during the CO2 injection period. Faults activated can act as
favorable leaking pathways. Geo-mechanical effect usually operates over large spatial
scales (field size) but short time scales (injection period).
In addition, CO2 can be trapped in the pore space by capillary forces and relative
permeability, which is shown in Figure 1.1 (b): free CO2 gas is trapped in the pore
space between grains of the formation. Capillary trapping also plays a role to prevent
upward leakage of the buoyant CO2 to shallower formations or the surface. This
mechanism operates in the pore space and over relatively short time scales (injection
period) and can provide secure forms of storage.
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2. Solubility Trapping: Solubility trapping occurs in saline formations where fluids mi-
grate very slowly over long distances. When CO2 is injected into the formation, it
displaces formation water and then migrates upwards, because it is less dense than the
water. Under the formation pressure, gaseous CO2 becomes equilibrated with forma-
tion water, leading to CO2(aq) in the formation water. This process follows phase and
chemical equilibrium conditions under the formation pressure. Over time, significant
quantities of CO2 dissolve in the formation water, then migrate with the groundwater.
Dispersion and fingering of aqueous CO2 may be formed due to permeability het-
erogeneity, gravity override and mobility contrast between CO2 and formation fluid,
which is shown in Figure 1.1 (d). These mechanisms also operate over relatively short
timescales (injection period).
3. Mineral Trapping: After gaseous CO2 is dissolved into formation water (separate phase
may still be there). It will form carbonic acid that can dissolve certain rock minerals,
leading to a rise of the pH value. Dissolved ions and minerlas may further react to
form stable carbonate and silicate minerals. The interaction between CO2 and water
is shown in Figure 1.1 (c). Reaction of dissolved CO2 with minerals can be very rapid
(days) for some carbonate minerals, but very slow (hundreds to thousands of years)
for others (e.g. silicate minerals). Precipitation of carbonate minerals occurs from
continued reaction of the bi-carbonate ions with calcium, magnesium and iron from
silicate minerals such as clays, micas, chlorites and feldspars in the rock matrix. The
chemical reaction process is shown in Figure 1.1 (c). This mechanism operates over
long timescales (thousand years) and relatively small site scale (formation scale).
The trapping contributions for the CO2 mass that can be trapped by the different mech-
anisms are show in Figure 1.1 (e) schematically. The extent of the contribution is in the
order of structural and residual trapping, solubility and mineral trapping.
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Figure 1.1: The Sketch for trapping mechanism during CO2 geo-sequestration: (a) Struc-
tural Trapping; (b) Residual Trapping (Szulczewski et al., 2012); (c) Mineral Trapping; (d)
Solubility Trapping (Szulczewski et al., 2012); (e) Trapping Contribution (IPCC, 2005).
1.2 Description for THMC Processes
The physical mechanisms of CO2 geo-sequestration disccussed in Section 1.1 is a thermal-
hydrological-mechanical-chemical processes. The trapping mechanism is in the macroscopic
perspective, however it is resulted from the change in the pore structure subjected to su-
percritical CO2 injection. The THMC processes due to supercritical CO2 injection in the
perspective of pore structure are described as follows: (a) The original pore structure in the
saline aquifer is under hydrostatic equilibrium with water and a small amount of non-aqueous
liquid phase (NAPL) saturated in the small pores. The chemistry between water, NAPL and
mineral is in equilibrium condition. There is a small amount of mineral dissolved into the
aquifer water, resulting in salinity at the original state of the aquifer. The phase between
water and NAPL is also in equilibrium, a small amount of NAPL is dissolved in the water
phase and the same with water in the NAPL phase. Figure 1.2 (a) illustrates the original
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pore structure in the target saline aquifer for CO2 geo-sequestration; (b) The pore structure
is shrunk due to pressure buildup at the beginning of the CO2 injection, especially the vol-
ume of the rock matrix tends to decrease. Figure 1.2 (b) illustrates the shrunk rock matrix
and the enlarged pore space due after CO2 injection; (c) The pore structure is changed due
to large amount of supercritical CO2 injection in a short period, in the perspective of pore
compressibility and thermal expansivity. When the CO2 gas (in blue color as in Figure 1.2
(c)) is squeezed into the pore space, the pressure and stress in the target aquifer increase
greatly. The rock matrix tends to shrink under great pore pressure and stress, which result
in the increase of space in the pore structure. The porosity and permeability of the forma-
tion increase due to the pore space increase. Figure 1.2 (c) illustrates that the pore space
increases by a large amount of CO2 injection; (d) The phase is equilibrated between saline
water and gas simultaneously after CO2 injection into the saline aquifer. In the perspective
of phase equilibrium, the saline water is evaporated into the gaseous CO2 phase (H2O(aq)
= H2O(gas)), and the gaseous CO2 is dissolved into aquifer water (CO2(gas) = CO2(aq)).
Both processes are under high pressure and high temperature. As you may see in Figure 1.2
(d), the molecules of CO2(aq) (compounds with blue color in aquifer water) are distributed
into the aquifer water gradually, and small molecules of H2O (compounds with white color
in gaseous CO2 phase) is trapped in the gaseous CO2 phase; (e) The pH value is evolved
due to dissolution of gaseous CO2 in aquifer water. In the perspective of chemical reaction,
the gaseous CO2 is dissolved into aquifer water (CO2(gas) = CO2(aq)). The large amount
of chemical species CO2(aq) releases into aquifer water, when the phases achieve equilibrium
state. Then, CO2(aq) reacts with H2O molecules (CO2(aq) + H2O = H
+ + HCO−3 ) form-
ing H+ and HCO−3 . Because of more independent H
+ releasing into the saline aquifer, the
environment become acidized with a low pH value. As you may see in Figure 1.2 (e), the
pH value become lower as the color of water near the phase contact surface become darker;
(f) The salinity in the aquifer increases due to the change of pH value in a relatively long
period. The pH value become lower with CO2(gas) dissolves into aquifer water. The inde-
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pendent H+ is more than sufficient in the aquifer water, which leads to the dissolution of rock
minerals. The carbonate minerals tend to be dissolved rapidly in an acidized environment.
A large amount of ions (Fe2+, Fe3+, Mg2+, Al3+, Si4+ and Ca2+, etc.) release into aquifer
water, then the salinity of aquifer increase to a certain level. As you may in Figure 1.2 (f),
a large amount of chemical species dissolve into the aqueous phase from the rock matrix;
(g) The rock mineral continues to be dissolved due to the acidized environment in a long
period. There are different types of rock minerals in different saline aquifers. Most target
saline aquifers in North America are in sandstone formations, and the common rock minerals
are feldspar, clay, smectite, oligoclase, dolomite, calcite, illite, etc. The colors of rocks are
changed to represent the different kinds of rock minerals in Figure 1.2 (g). Within a long
period after CO2 injection, the mass and volume of rock minerals become decreased and
shrunk due to the dissolution of the minerals. A certain amount of H+ has been consumed
due to the dissolution of rock minerals. This is a process of pH buffering, and the pH value
tends to increase to be above 7. The porosity and permeability in the pore structure tend
to increase, see Figure 1.2 (g) and Figure 1.2 (h). The minerals are precipitated due to
interacting of different chemical species in a very long period. After the dissolution of rock
minerals and CO2 gas, different chemical species precipitate new rock minerals, especially
carbonate mineral and silicate minerals (siderite, dolomite, calcite, quartz, illite, ankerite,
dawsonite, etc.). The newly precipitated rock minerals is coated on the surface of the shrunk
original rock minerals, which resulting in a decrease of porosity and permeability of the saline
aquifer. As you may see in Figure 1.2 (h), the pore space is reduced due to the precipitation
of newly generated rock minerals, and pH value continues to increase due to the consumption
of H+ (the color of the aquifer water become lighter); (i) The pore structure evolution due to
mineral evolution in thousands of years. Figure 1.2 (i) shows that the rock minerals newly
precipitated on the surface of the aquifer rocks, which extend into the pore spaces, causing
a decrease of porosity and permeability. The saturation of supercritical CO2 gas decreased





Figure 1.2: Sketch for THMC processes during CO2 injection into the saline aquifer in the
perspective of pore structure: (a) original pore structure under hydrostatic equilibrium; (b)
shrunk pore structure under fluid injection; (c) pore structure after CO2 injection of short
period; (d) phase re-equilibrium between water and gas after CO2 injection; (e) pH value
evolution due to solubility of gaseous CO2; (f) aquifer salinity evolution due to pH change
in a relatively long period; (g) mineral dissolution due to acidized environment in a long
period; (h) mineral precipitation due to interacting of different species in a very long period;
(i) pore structure evolution due to mineral evolution in thousands of years.
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1.3 Physical Mechanism for Geochemistry
Based on the description of the THMC processes for CO2 geo-sequestration in Section
1.2, the chemical process is more complex than the other processes. Chemical reaction is
the interaction of gas-water-rock. Rock compositions and kinetic rates determine chemical
reaction pathway, the long term fate and the efficacy of the mineral trapping for supercritical
CO2 in saline aquifer. In this section, the geochemical compositions of formation rock, initial
chemical concentrations of brine solution in saline aquifer, kinetic rate constants in the CO2
geo-sequestration sites from available data are put in three groups (sandstone, carbonate and
clay), based on the available data in the existing numerical simulation studies. Furthermore,
chemical reaction pathway of supercritical CO2 in saline aquifer is described in detail based
on key rock minerals and kinetic reaction rate.
1.3.1 Rock Compositions and Chemical Reaction Data
Mineral trapping of supercritical CO2 in the deep aquifer is determined by the quantities
and reactivity of metal oxide components that can react with supercritical CO2 to precipitate
carbonates and silicates with low solubility in the solution. Not all the rock minerals in the
target formation can react with supercritical CO2, only a limited number of rock forming
chemical components have the capability to trap supercritical CO2, such as FeO, CaO, MgO,
etc. (Xu et al., 2001). In addition, the mineral alteration caused by the geochemical reactions
between supercritical CO2 gas and rock forming minerals is very slow under deep-aquifer
conditions and is not amenable by experimental studies. Numerical modeling of geochemical
processes is necessary to investigate long-term CO2 injection in deep aquifers. The chemical
composition of geologic formations varies greatly subject to different sequestration sites, so
I survey the mineral composition and equilibrium data for CO2 geo-sequestration sites with
three different kinds of formations.
1. Sandstone
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The first type of rock is sandstone. The geochemical reaction modeling between carbon
dioxide and sandstone formation has been carried out for sandstone aquifer from the
Alberta Sedimentary Basin, US Gulf Coast sediments and Frio-I Brine Pilot in US Gulf
Coast (Xu et al., 2004a,b, 2010), Rose-Run sandstone reservoir in Ohio (Zerai et al.,
2006), sandstone bed of Pleistocene Haizume Formation at Minami-Nagaoka gas field
of Japan (Mito et al., 2008), Bunter Sandstone Formation from Europe (Wigand et al.,
2008), sandstone reservoirs of the Rio Bonito Formation (Permian) at Paraná Basin of
southern Brazil (Ketzer et al., 2009).
Xu et al. (2004a) carried out the batch geochemical reaction modeling between CO2
and glauconitic sandstone from the Alberta Sedimentary Basin as a potential host for
CO2 sequestration. The glauconitic sandstone is a medium- to fine-grained litharenite.
The average mineral composition is 87 percent quartz, 2 percent k-feldspar, 1 per-
cent plagioclase, 5 percent glauconite, 2 percent kaolinite, 1 percent calcite, 1percent
dolomite, and 1 percent siderite. The average porosity is 0.12. In their study, the
mineral composition was modified to more closely reflect that observed in the forma-
tion, and Fe reduction in glauconite was incorporated in the model. They estimated
a representative glauconite chemical composition and thermodynamic properties from
descriptions of the mineralogical compositions of glauconite and its paragenesis. The
oligoclase is also incorporated as a solid solution of plagioclase and the thermodynamic
properties of oligoclase are calculated from calorimetric studies of plagioclase solid so-
lutions. The initial mineral compositions used by them are given in Table 1.1 and the
kinetic parameters used in the simulation are given in Table 1.5.
Table 1.1: List of initial mineral volume fractions and potential secondary mineral
phases for the glauconitic sandstone























They also did the batch geochemical simulation study for CO2 sequestration of Gulf
Coast sediments. The mineralogy is similar to that commonly encountered in sedimen-
tary basins. The principal reservoir-quality sandstones within Gulf Coast sediments
are respectively, the Frio, the Vicksberg and the Wilcox formations, all of which are
found within the Lower Tertiary. Of the three formations, the Frio was chosen as a
representative candidate for the sequestration of supercritical CO2. According to the
study, the Frio shows the greatest variation in mineral composition ranging from poorly
sorted fine-grained feldspathic litharenites to lithic arkoses to fine-grained lithic arkoses
and sub-arkoses. The approximate mean composition of the Frio in the Middle Texas
region of the Gulf Coast was chosen in the study. The composition is representative of
a quartzose lithic arkose with 56 percent quartz (by weight), 28 percent feldspar and
16 percent lithic fragments. The actual mineral composition of the sandstone is shown
in Table 1.2 and the kinetic parameters used in the simulation are given in Table 1.5.
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Table 1.2: List of initial mineral volume fractions and potential secondary mineral
phases for Gulf Coast sediments























Xu et al. (2010) incorporated a simple kinetic model into the reactive transport mod-
eling for geologic storage of CO2 in saline aquifers, the Frio-I Brine Pilot. The Frio ‘C’
zone is a subarkosic fine-grained, moderately sorted quartz and feldspar sandstone, with
minor amounts of illite or smectite and calcite. The initial rock mineral composition
used in the modeling is presented in Table 1.3, which may be broadly representative
of US Gulf Coast sandstone formations.
Initial total dissolved component concentrations are in Table 1.4 and the kinetic param-
eters used in the simulation are given in Table 1.5. O2(aq) concentration is obtained
by equilibrium with initial mineral composition. Iron is the sum of Fe2+ and Fe3+ and
their related complexes (mainly Fe2+). Carbon is the sum of CO2(aq), CH4(aq), and
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their related species such as HCO−3 and acetic acid(aq). Sulfur is the sum of sulfate
and sulfide species. The kinetic rate constants used in the reactive transport modeling
by Xu et al. (2004c, 2010) are summarized in Table 1.5.
Table 1.3: Kinetic parameters for mineral dissolution and precipitation




















Table 1.4: Initial total concentrations for dissolved chemical species in aquifer
Parameter Value Elements Concentration (mol/kg)
Temperature(◦C) 59 Na+ 1.35
pH 6.70 K+ 4.53×10−3










Table 1.5: Kinetic parameters for mineral dissolution and precipitation
Mineral
A Parameters for kinetic rate law
(cm2/g) Neutral mechanism Acid mechanism Base mechanism
K25 (mol/m
2·s) Ea (KJ/mol) K25 Ea n(H+) K25 Ea n(H+)
Quartz 9.8 1.023×10−14 87.7
Kaolinite 151.6 6.918×10−14 22.2 4.898×10−12 65.9 0.777 8.913×10−18 17.9 -0.472
Calcite 9.8 1.549×10−6 23.5 5.012×10−1 14.4 1
Illite 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Oligoclase 9.8 1.445×10−12 69.8 2.138×10−10 65 0.457
K-feldspar 9.8 2.890×10−13 38 8.710×10−11 51.7 0.5 6.310×10−12 94.1 -0.823
Na-smectite 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Chlorite 9.8 2.020×10−13 88 7.762×10−12 88 0.5
Hematite 12.9 2.512×10−15 66.2 4.074×10−10 66.2 1
Magnesite 9.8 4.571×10−10 22.5 4.169×10−7 14.4 1
Dolomite 9.8 2.951×10−8 52.2 6.457×10−4 36.1 0.5
Low-albite 9.8 2.754×10−13 69.8 6.918×10−11 65 0.457 2.512×10−16 71 -0.572
Siderite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Ankerite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Dawsonite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Ca-smectite 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Glauconite 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Kerogen-O 151.6 6.918×10−14 22.2 4.898×10−12 65.9 0.777 8.913×10−18 17.9 -0.472
Forsterite 151.6 6.918×10−14 22.2 4.898×10−12 65.9 0.777 8.913×10−18 17.9 -0.472
Fayalite 151.6 6.918×10−14 22.2 4.898×10−12 65.9 0.777 8.913×10−18 17.9 -0.472
Goethite 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Clinochlore-14A 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Daphnite-14A 151.6 1.660×10−13 35 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Pyrite 12.9 k25=2.818×10−5 k25=2.02×10−8




Zerai et al. (2006) conducted the kinetic modeling of the Rose Run Sandstone using The
Geochemist’s Workbench. The Cambrian Rose Run Sandstone is a deep saline aquifer
and oil-gas producing unit that extends beneath eastern Ohio, Pennsylvania, New York,
and Kentucky in the Appalachian Basin of Eastern United States. It is also the only
one of the Cambrian sandstones that is known to retain its sandstone composition in
the eastern part of the state rather than passing laterally into carbonate, and it lies at
depths suitable for injection of supercritical CO2 and sealed by impermeable cap rock
of the Trenton Limestone and Cincinnati Shales. The Rose Run Sandstone consists of
alternating layers of sandstone and carbonate. The sandstone commonly has dolomite
cement and glauconite. The total thickness of these capping formations ranges from
100 to 500 m. Like many deep aquifers of the eastern United States and Canada,
the Rose Run Sandstone consists of locally glauconitic, feldspathic quartz sandstone
interbedded with dolostone and is heterogeneous at multiple scales. The typical range
of porosity and permeability of the silicate rock assemblage in the Rose Run Sandstone
are 7-15 percent and 1-15 md, respectively. The mineral compositions of Rose Run
Sandstone, initial concentrations of aqueous species in formation water and kinetic
parameters are given in Table 1.6 - Table 1.8.
Table 1.6: The mineral assemblages of the Rose Run Formation
Carbonate Fraction (%) Sandstone Fraction (%) Mixed Fraction (%)
Primary
Dolomite 60 Quartz 83 Quartz 70
Calcite 39 K-feldspar 10 Dolomite 13.8
Siderite 1 Kaolinite 3 Calcite 8
Albite 2 K-feldspar 5
Annite 1 Annite 1








Carbonate Fraction (%) Sandstone Fraction (%) Mixed Fraction (%)
Strontianite
Table 1.7: Rate constants for silicate and carbonate minerals used in the reactive
transport simulations
Mineral Rate constants Ea Surface area
logK (25◦C)(mol/m2·s) (kJ/mol) (cm2/g)
Primary mineral
Albite -11 68.0 10
Annite -10.5 45.0 10
Calcite -5.8 63.0 10
Dolomite -6.7 55.0 10
Kaolinite -11.4 64.0 10
K-feldspar -10.9 58.0 10
Siderite -6.7 62.8 10
Quartz -12 87.5 10
Secondary mineral
Muscovite -11.7 64.0 10
Dawsonite -8.4 64.0 10
Strontianite -7.35 41.9 10

















Ketzer et al. (2009) studied the mineralogical integrity of sandstone reservoirs of the
Rio Bonito Formation, Paraná Basin, southern Brazil. The Rio Bonito Formation con-
sists of paralic fine- to coarse-grained sandstones, and mudstones and coal, deposited
during the early Permian in Paraná Basin. The sandstones of the Rio Bonito Forma-
tion are subarkose to quartzarenites in composition. The main detrital constituents
are monocrystalline quartz grains (average 52 percent of volume fraction), and K-
feldspars (average 4.5 percent of volume fraction). Other detrital constituents ( less
than 1 percent of volume fraction each) include plagioclase grains, volcanic rock frag-
ments, sedimentary rock fragments, metamorphic rock fragments (quartzite, schist and
gneiss), biotite, muscovite, heavy minerals (tourmaline, epidote, zircon and garnet),
opaque minerals, and glaucony. Three representative samples of the aquifers of the Rio
Bonito formation were selected for equilibrium and kinetic modelings of batch reactor.
Table 1.9 and Table 1.10 provide the main mineralogical composition and porosity
of the samples selected for the geochemical reaction modeling and kinetic parameters
used in calculations and simulation.
Table 1.9: The mineral composition of the three samples selected from sandstone
reservoirs of the Rio Bonito Formation
Sample 1 Volume (%) Sample 2 Volume (%) Sample 3 Volume (%)
Quartz 67.66 Quartz 66.66 Quartz 67.00
Kaolinite 6.66 Calcite 13.66 Kaolinite 6.66
Calcite 4.66 K-feldspars 5.00 Dolomite 5.33
K-feldspars 4.00 Pyrite 1.33 K-feldspars 4.66
Albite 1.33 Plagioclase 0.33 Albite 1.33
other 0.66 other 1.33 Pyrite 0.33
Porosity 15 Porosity 11.66 Porosity 14.66
Table 1.10: Kinetic parameters used in the modeling
Mineral logk(25◦C) logk(200◦C) Ea(kJ/mol) n Surface area(m2/g)
Quartz -13.40 -7.51 90.9 0 0.01133
K-feldspar -10.06 -6.71 51.7 0.500 0.01173
Kaolinite -12.71 -9.60 48.0 0.220 0.01156
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Table 1.10: Continued.
Mineral logk(25◦C) logk(200◦C) Ea(kJ/mol) n Surface area(m2/g)
Calcite -0.30 0.63 14.4 1.000 0.01107
Dolomite -3.19 -0.85 36.1 0.500 0.01056
Albite -10.16 -5.95 65.0 0.457 0.01145
Anorthite -3.50 -2.42 16.6 1.411 0.01099
Pyrite -7.52 -3.83 56.9 -0.500 0.00599
2. Clay Formation
Gaus et al. (2005) and Audigane et al. (2007) performed reactive transport modeling of
dissolved CO2 in the cap rock at Sleipner. The Sleipner area is located in the Norwegian
part of the North Sea. CO2 is injected into the Mio-Pliocene Utsira Sand, a highly
elongated sand reservoir with an area of some 26,100 km2 and a depth between 700 and
1,000 m. The Utsira Sand is overlain by the sediments of the Nordland Group, which
are mainly shales and have a thickness of approximately 250 m. These sediments are
presumed to provide a seal for the Utsira Sands and to inhibit vertical CO2 migration,
with capillary leakage of CO2 unlikely to occur.
The lower part of the Nordland Shale extends well beyond the area currently occupied
by the CO2 injected at Sleipner. Cutting samples are comprised dominantly by grey
clay silts or silty clays. Most are massive although some show a weak sedimentary
fabric. XRD analysis typically reveals quartz, undifferentiated mica, kaolinite, K-
feldspar, calcite, smectite, albite, chlorite, pyrite and gypsum together with traces
of drilling mud contamination. The clay particle-size fraction is generally dominated
by illite with minor kaolinite and traces of chlorite and smectite. The mineralogy of
the Nordland shale cap rock used for the modelling is based on the composition of a
selection of cutting samples in Table 1.11. The compositions of the formation water
in the cap rock are given in Table 1.12, the molar volumes, specific surface areas and
kinetic rate parameters used in the three simulation cases by Gaus et al. (2005) are
given in Table 1.13.
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Table 1.11: Mineralogical composition of the Nordland Shale and the amounts intro-
duced in the model






































Table 1.13: Molar volumes, specific surface areas and kinetic rate parameters at 37◦C of the primary and secondary minerals
Mineral Mass percent Amount present Molar volume Specific surface area Rate constant
(mol per REV) (10−6 m3/mol) (m2/g) (log k37)
(mol/m2·s)
Primary
Albite 12.41 /6.22 25.61/12.82 100.25 6.95×10−2 -8.44
Anorthite 01/6.22 01/12.82 100.75 6.592×10−2 -4.93
Oligoclase 12.43 25.63 100.35 6.95×10−2 -7.94
Calcite 1.0 5.6 36.93 6.71×10−2 -6.35
Quartz 21.5 196.0 22.69 6.86×10−2 -11.73
Clinochlore-7A 4.1 4.0 20.98 1.13×10−1 -11.63
Illite 24.7 35.21 59.89 4.68×10−1 -13.08
Kaolinite 18.0 38.15 99.52 1.16 -12.54
K-feldspar 2.1 4.08 108.87 7.11×10−2 -8.79
Pyrite 2.8 12.90 23.94 3.63×10−2 -3.72
Siderite 1.6 8.60 29.37 4.61×10−2 -7.38
Smectite-
Chigh-Fe-Mg
8.8 11.93 140.71 1.04 -13.25
Secondary
Dawsonite 0 0 59.3 8.49×10−2 -6.86
Dolomite-dis 0 0 64.39 6.35×10−2 -7.38
Magnesite 0 0 28.02 6.04×10−2 -7.38
1Plagioclase composition for Case 1
2Plagioclase composition for Case 2
3Plagioclase composition for Case 3
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3. Carbonate
André et al. (2007) investigated the reservoir behavior subjected to hydraulic and
chemical perturbations by CO2 injection in the Dogger aquifer. The mineralogical
characteristics of Dogger oolitic limestone present some analogies with Lavoux lime-
stone encountered in many quarries of Paris Basin. Oolitic and bioclastic limestone
constitute the most permeable part of the Dogger aquifer. The mean porosity is 0.12
and the permeability is assumed to be spatially homogeneous at 10−13 m2. Initial
temperature and pressure are 75◦C and 1.8×107 Pa, respectively. Geochemical reac-
tion modeling was carried out for a carbonate reservoir represented by a cylindrical
geometry centered around a vertical injection well with two injection scenarios (CO2
saturated water and pure supercritical CO2 injection). The mineral compositions of
Dogger reservoir, initial concentrations of aqueous species in formation water and ki-
netic parameters are given in Table 1.14 - Table 1.16.
Table 1.14: Dogger aquifer mineralogy and list of minerals not initially present in the
reservoir but allowed to precipitate





































Table 1.16: Kinetic parameters for mineral dissolution and precipitation
Mineral
Acid mechanism Neutral mechanism Carbonation mechanism
log k Ea n log k Ea log k Ea m
Calcite -0.30 14.4 1.000 -5.81 23.5 -3.48 35.4 1.000
Dawsonite - - - -7.00 62.8 - - -
Dolomite -3.19 36.1 0.500 -7.53 52.2 -5.11 34.8 0.500
Magnesite -6.38 14.4 1.000 -9.34 23.5 -5.22 562.8 1.000
Siderite -3.19 36.1 0.500 -7.53 52.2 -5.11 34.8 0.500
Alkaline mechanism
log k Ea n
Illite -10.98 23.6 0.340 -12.78 35.0 -16.52 58.9 -0.400
K-Feldspar -10.06 51.7 0.500 -12.4 38.0 -21.20 94.1 -0.823
Albite -10.16 65 0.457 -12.56 69.8 -15.60 71.0 -0.572
Kaolinite -11.31 65.9 0.777 -13.18 22.2 -17.05 17.9 -0.472
Chalcedony - - - -13.99 87.7 - - -
Anhydrite - - - -3.19 14.3 - - -
Halite - - - -0.21 7.4 - - -
Cantucci et al. (2009) proposed a geochemical model for the hosting aquifers of the
Weyburn Oil Field (Canada), where anthropogenic CO2 was injected since 2,000, to
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reconstruct reservoir chemical composition of the two reservoirs (Marly and Vuggy)
where CO2 was stored by using the existing geochemical data, and to assess the (ki-
netic) evolution of the system during the CO2 injection. The Weyburn Oil Field is
located in the Midale Beds of the Mississippian Charles Formation of West Canada.
It is at the depth of 1,300 - 1,500 m. Pressure and temperature of the reservoirs are
1.5×107 Pa and 62 ◦C, respectively.
The mineralogical compositions of the Marly and Vuggy reservoirs used in the geo-
chemical simulation were calculated according to that obtained from 18 cores collected
from 4 wells located into the injection area. The Marly reservoir (from 1 to 11 m thick)
is a chalky, microcrystalline dolomite layer with dominantly intercrystalline porosity
(26 percent). The Vuggy reservoir (10 to 22 m thick) mainly consists of grainstone and
packestone with moldic, intergranular and intercrystalline porosity (14 percent). The
The mineralogical compositions of these two reservoirs are given in Table 1.17 and the
kinetic parameters used in the geochemical reaction modeling are given in Table 1.18.
Table 1.17: Mineralogical composition of the Marly and Vuggy reservoirs



















Table 1.18: Kinetic parameters for mineral dissolution and precipitation
Mineral
Acid mechanism Neutral mechanism Base mechanism Specific surface area
(m2/g)
log k25 Ea n log k25 Ea log k25 Ea n Marly Vuggy
Primary
K-Feldspar -12.50 - 0.500 -15.30 - -14.20 94.1 0.823 0.175 0.175
Calcite -0.30 14.4 1.000 -5.81 23.5 -3.481 35.41 1.0001 0.034 0.015
Dolomite -3.19 36.1 0.500 -7.53 52.2 -5.111 34.81 0.5001 0.105 0.014
Kaolinite -11.31 65.9 0.777 -13.18 22.2 -17.05 17.9 0.472 2.317 0.015
Chalcedony - - - -12.23 74.5 - - - 0.038 0.015
Pyrite -7.52 56.9 -0.502 -4.55 56.9 - - 0.503 0.012 0.008
Secondary
Gypsum - - - -2.79 14.3 - - - 0.003 0.003
Anhydrite - - - -3.19 14.3 - - - 0.100 0.100
Dawsonite - - - -7.00 62.8 - - - 0.140 0.140
Magnesite -6.38 14.4 1.000 -9.34 23.5 -5.22 62.8 1.0001 0.100 0.100
Muscovite -11.85 22.0 0.370 -13.55 22.0 -14.55 22.0 0.22 0.106 0.106
Albite -9.870 65.0 0.457 -12.04 69.8 -16.98 71.0 0.572 0.115 0.115
Chlorite -11.11 88.0 0.500 -12.52 88.0 - - - 0.113 0.113
0Reaction order with respect to p(CO2)
0Reaction order with respect to H+ and Fe3+
0Reaction order with respect to O2
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1.3.2 Important Rock Minerals for Trapping CO2
From the existing reactive transport simulations (Audigane et al. 2007; Balashov et al.
2013; Gaus et al. 2005;Gunter et al. 2000; Johnson et al. 2001; Ketzer et al. 2009; Kihm
et al. 2012; Knauss et al. 2005; Liu et al. 2011; Mito et al. 2008; Raistrick et al. 2009; White
et al. 2005; Wigand et al. 2008; Xu et al. 2003, 2004a,b, 2005, 2007; Zerai et al. 2006),
I can summarize that the general mineralogy composition that could be present in the
potential CO2 geo-sequestration sites can be categorized into two kind: carbonate minerals
(i.e., calcite, magnesite, dawsonite, siderite, ankerite, etc.) and silicate minerals (i.e., quartz,
oligoclase, smectite, feldspar). Among these previous numerical simulations, the contribution
of mineral trapping is significant when plagioclase feldspar minerals and chlorite minerals
present in the chemical reaction system, especially for the reactive transport simulations by
Xu et al. (2003, 2004a,b, 2005). It is obvious that the quartz, plagioclase feldspar minerals,
chlorite minerals, kaolin minerals and illite minerals are the common minerals selected for
the numerical simulation of mineral trapping in Figure 1.3. Among the precipitated minerals
by mineral trapping in Figure 1.4, eighteen of these twenty numerical models mentioned the
generation of dawsonite as secondary mineral. Sixteen of these twenty numerical models
mentioned siderite and ankerite as secondary minerals. Twelve of them mentioned smectite
as a secondary mineral. Since the chlorite has been concluded as a key minerals for the
mineral trapping of CO2 in formation rock (Kihm et al., 2012), other minerals such as
oligoclase that may play a significant role for the mineral trapping will be studied in this
research. The general mineralogy investigated in this study is selected from the key minerals
with high frequency of presence in these twenty numerical simulations.
1.3.3 Chemical Reaction Pathway
The chemical reaction pathway depends upon rock compositions. According to the min-
eral compositions of the CO2 geo-sequestration sites, the most common formations are cat-
egorized into three kinds: sandstone, carbonate and clay. In terms of the rock type, the
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N a m e  o f  R o c k  M i n e r a l s
Figure 1.3: The frequency and contribution of different original rock minerals present in the
geochemistry system modelled previously.




















N a m e  o f  S e c o n d a r y  R o c k  M i n e r a l s
Figure 1.4: The frequency and contribution of different secondary rock minerals present in
the geochemistry system modelled previously.
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rock minerals in these three formations are quite similar, but the volume fractions of the
rock minerals vary significantly. These formations are always composed of quartz, carbonate
minerals, plagioclase feldspar minerals, clay minerals, and minor other components. Cal-
cite represents the carbonate minerals. Oligolcase and K-feldspar represent the plagioclase
feldspar minerals. Clay minerals includes kaolin group (kaolinite), illite group (illite), smec-
tite group (smectite-Na and smectite-Ca) and chlorite group (chlorite). Furthermore, the
chemical reaction pathway after supercritical CO2 injection can be described in terms of
rates of the kinetic reactions. Based on the parameters of the kinetic rates in Section 1.3.1,
the kinetic reactions rates are small and vary significantly for different rock minerals. Car-
bonate minerals have the fastest kinetic reaction rates (in the magnitude of 10−7 mol/m2·s),
then plagioclase feldspar minerals have the kinetic reaction rates in the magnitude of 10−12
mol/m2·s, illite minerals and smectite minerals have the kinetic reaction rates in the mag-
nitude of 10−13 mol/m2·s, kaolin minerals and quartz have the kinetic reaction rates in the
magnitude of 10−14 mol/m2·s. The kinetic chemical reaction rates are also related to the
reactive surface area of rock, the acid or base mechanism involved in the aqueous phase, the
activation energy and temperature.
In terms of the rock mineral compositions and kinetic rates, the chemical reaction path-
way can be described in Figure 1.5. Every small pore can be treated as a batch reactor
when supercritical CO2 invades into it. The CO2 dissolution is the fastest chemical reaction,
the chemical equilibrium of CO2 dissolution is reached simultaneously with the injection of
supercritical CO2. It releases large amounts of hydrogen ion, leading to an acidized aqueous
environment. This process is an acidized process. Secondly, the carbonate minerals such as
calcite, dolomite, magnesite start to dissolve into the aqueous phase. Various iron species
and bicarbonate species are releasing into the aqueous phase. The rates of the carbonate
mineral dissolution are in the magnitude of 10−7 mol/m2·s, and the dissolution of carbonate
minerals reaches the equilibrium state rapidly. Thridly, the rock minerals from plagioclase
group, kaolin group, illite group, smectite group and chlorite group starts to dissolve into
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the aqueous phase under the effects of chemical species H+. This process is defined as pH
buffering. The minerals break into large amounts of different chemical species in aqueous
phase. K-feldspar and chlorite are taken as examples to illustrate how the minerals dissociate
into different chemical species in Figure 1.5. It may take thousands of years for the minerals
dissolutions. These three processes are dissolutions of gas and minerals. After this, the new
minerals precipitate into the solid phase on the surface of the formation. The new minerals
are mainly composed of stable carbonate mineral such as dawsonite, ankerite and siderite.
The precipitation of the new minerals are relatively fast in the magnitude of 10−8 mol/m2·s
after the mineral dissolution. Finally, the slowest reaction is the precipitation of quartz in
the magnitude of 10−14 mol/m2·s. The last two processes lead to the mineral trapping of
supercritical CO2 in solid phase, and continue to buffer pH value and consume the chemical
species of H+. Based on the analysis above, the chemical reaction pathway of supercritical
CO2 with rock minerals is complicated due to the key factors (rock type, rock composition,
reaction rate, etc.)
1.4 Numerical Simulations for THMC Processes
For the numerical simulations of the THMC processes, THM processes and THC pro-
cesses are always coupled separately to solve different problems in CO2 geo-sequestration.
Among many factors of the THMC processes to be considered in numerical models of CO2
geological sequestration, the geochemical reactions that take place between injected CO2,
water and the rock minerals are much more complex than the others, and are more impor-
tant to determine the long term fate of supercritical CO2 in subsurface. These geochemical
reactions have a significant role in the associated transport processes, for example, via chem-
ical precipitation in the pore spaces affecting permeability and porosity, or dissolved CO2
changing the density of groundwater resulting in buoyant fluxes. A set of numerical simu-
lations has been conducted to quantitatively analyze the THMC processes by means of the
reactive transport simulators mentioned. In order to obtain a good understanding of the
THMC processes, especially the dissolution of CO2 in water and the subsequent chemical ki-
28
 Dissolution of CO2 (acidized pH)
    ① CO2 (g) + H2O =H+ + HCO3 – 
 Dissolution of Carbonate Minerals 
② CaCO3 (s) + H+ = HCO3- + Ca2+    
 Dissolution of Silicate Minerals (pH buffering)
③ K-feldspar → 3SiO2 (aq) + AlO2-  + K+
           Chlorite → 3SiO2 (aq) + 2AlO2
-  + 2.5Fe2+ + 2.5Mg2+ - 8H++ 8H2O
 
     
 Carbonation/Precipitation
④ Dawsonite → 3SiO2 (aq) + AlO2-  + Na+
⑤ Siderite → Fe2+ + HCO3- - H+ 
           Ankerite → 0.3Mg2+ + 0.7Fe2+ + Ca2++ 2HCO3
- - 2H+ 
 Precipitation of Silica


















Figure 1.5: The sketch for the chemical reaction pathway in the THMC processes during
CO2 geo-sequestration
netic reactions, I investigate the existing literature associated with the geochemical reaction
modeling based on the locations of the CO2 geo-sequestration sites in the world, including
the main minerals in rock intimately relative to a specific sequestrated site and the simulator
applied to the geochemical reaction. The CO2 geo-sequestration sites are located at North
Sea of Europe, Alberta Basin of Canada, Midwest and Gulf Coast of United States, and
other areas (Italy, France, Japan, Brazil, etc.). The numerical simulations for the THMC
processes during the CO2 geo-sequestration at these areas can be summarized as follows:
Johnson et al. (2001) carried out three simulations (XSH, CSH, and DSH models) within
a single spatial domain representing the near-field sequestration environment at Sleipner, by
means of the integrated toolbox: NUFT (Integrated software package containing five modules
facilitating numerical simulation of multiphase/multicomponent flow and reactive transport),
GEMBOCHS (integrating thermodynamic/kinetic database and dedicated software library
together to facilitate generation of application-specific data files for geochemical reaction
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software), and Xtool (GUI-driven graphics utility for extracting and visualizing a broad range
of output data from NUFT simulations). Then they presented the adopted site-specific 2D
domain and hydrologic/compositional data, and described the thermodynamic/kinetic data
used to represent geochemical reaction between CO2, water and lithologic minerals (quartz,
K-feldspar, plagioclase, muscovite and phlogopite). Finally, they made a conclusion that
calcite was expected to play a minor role in mineral trapping relative to siderite, magnesite,
and their solid solutions for in Sleipner sequestrated site.
For the same CO2 sequestration site, Sleipner field (North Sea), Gaus et al. (2005) used
PHREEQC to model the reactive transport of the CO2-injection project, in which supercrit-
ical CO2 was injected in the Utsira Sands underlying the Nordland Shale cap rock. They
investigated kinetic batch modeling in short term and long term. For short term, pH de-
creases after the CO2 gas contacts with the formation water, which results in the dissolution
of calcite and stabilizes the pH at 4.5 after approximately 9 years. There were two case for
the long term geochemical reaction modeling: (1) All plagioclase was present as albite, the
dominant reaction in the system over the 15,000 year time period is the dissolution of albite
with the subsequent formation of kaolinite, after approximately 10,000 years, this reaction
slows down due to the decreasing Ca2+ concentration in the formation water and the for-
mation of dawsonite; (2) All plagioclase was present as albite and anorthite, the alteration
of anorthite dominates the feldspar reactions leading to the formation of calcite and kaolin-
ite, and this reaction was completed after approximately 5,000 years when all anorthite has
disappeared.
Nghiem et al. (2004) presented a study including 1D, 2D and even 3D models of CO2
injection in aquifers of Sleipner field using the commercial GEM-GHG code that is capa-
ble of modeling convective and dispersive flows, as well as calculating phase equilibrium
for reactions between the oil, gas and aqueous phases, and chemical equilibrium or kinetic
dissolution and precipitation reactions between minerals.
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Frangeul et al. (2004) presented a simulation of CO2 injection at Sleipner using GEM-
GHG. The simulation for a time period of up to 5,000 years included 3D convective flows
induced by density differences, but used homogeneous reservoir properties and a very sim-
plified mineral assemblage containing only calcite and dolomite.
Then, Audigane et al. (2007) used a conceptual model based on the Sleipner dataset,
different realistic mineralogies were implemented for the sand and shale layers to establish
a 2D vertical model with a radial mesh geometry containing 22 layers, including 4 semi-
permeable shale layers. Batch reaction and reactive transport simulations were performed
with TOUGHREACT software for a long storage period (10,000 years). The impact of
CO2 on the minerals (albite, calcite, chalcedony, chlorite, muscovite, kaolinite, K-feldspar,
siderite) was simulated by batch geochemical modeling. For the batch reactions modeling
with CO2 injection in the shale, the overall reactivity resulted in an absolute porosity re-
duction of approximately 0.01 (from 10.25 percent initially down to 9.3 percent after 10,000
years). But for batch reaction modeling with CO2 injection in the sand, only 0.002 per-
cent of the albite and 0.0002 percent of the chlorite reacted after 10,000 years. Then, four
main types of interactions (Calcite dissolution and precipitation, Albite alteration, Chlorite
alteration, Muscovite alteration) were identified for 10,000 years’ simulation.
Secondly, there are numerical studies focusing on the geochemical reaction modeling in
Alberta Basin and Weyburn oil field Canada. Gunter et al. (2000) used a geochemical com-
puter model (PATHARC) to compute the interaction of industrial waste streams comprising
CO2, H2SO4 and H2S with the minerals in typical carbonate and sandstone aquifers from the
Alberta Basin. They conducted the geochemical reaction modeling of CO2, H2SO4 and H2S
disposal into the Nisku and Glauconitic Sandstone aquifers respectively. Then they made a
conclusion that siliciclastic aquifers appeared to be a better host for mineral trapping than
carbonate aquifers, especially with regard to CO2. Carbonate aquifers might be more prone
to leakage due to high CO2 pressures generated by reaction with H2SO4 and H2S.
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Xu et al. (2004a) performed the batch reaction modeling of the geochemical evolution of
three different aquifer mineral compositions (Glauconitic sandstone from the Alberta Sed-
imentary Basin, a proxy for a sediment from the United States Gulf Coast and a dunite,
an essentially monomineralic rock consisting of olivine) in the presence of CO2 at high pres-
sure by TOUGHREACT Code. The modeling considered three important factors affecting
CO2 sequestration: (1) the kinetics of chemical interactions between the host rock miner-
als and the aqueous phase, (2) CO2 solubility dependence on pressure, temperature and
salinity of the system, and (3) redox processes that could be important in deep subsurface
environments. The main conclusions were as follows: for the glauconitic sandstone, most
CO2 was trapped as ankerite and siderite, with minor dolomite and dawsonite. For the Gulf
Coast case, the major trapping minerals were dawsonite and ankerite, with minor calcite
and siderite, and for the olivine rock (dunite) case, the trapping minerals were magnesite
and siderite. The mineral-trapping capacity can be comparable with or be larger than that
of solubility trapping.
Cantucci et al. (2009) used PRHEEQC Software Package together with both modified
thermodynamic database and correction for supercritical CO2 fugacity to perform kinetic
modeling. The geochemical modeling procedure was based on the dataset provided by the
Weyburn Project, which includes: a) bulk mineralogy of the Marly and Vuggy reservoirs;
b) selected pre- and post-CO2 injection water samples of Midale Beds and c) mean gas-
cap composition at the wellheads. The main results can be summarized as follows: (1) the
calculated pre-injection chemical composition of the Midale Beds brine was consistent with
the analytical data of the waters collected in 2000; (2) the main reservoir reactions (CO2 and
carbonate dissolution) take place within the first year of simulation, 3) the temporal evolution
of the chemical features of the fluids in the Weyburn reservoir suggests that CO2 can safely
be stored by solubility (as CO2(aq)) and mineral trapping (via dawsonite precipitation).
Raistrick et al. (2009) carried the geochemical modeling based on the samples of the fluid
and gas of four wells in part of the reservoir volume targeted by CO2 injection by means of
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Geochemical Reaction Pathway Modeling Software GWB (Geochemists Workbench). The
measured changes of chemical data in the selected monitoring well was simulated over 750
days following the arrival of injected CO2. The modeling timescale was extended to in-
vestigate the fate of CO2 over post injection timescales, which showed that alteration of
K-feldspar and other silicate minerals present in the Weyburn reservoir will lead to further
storage of injected CO2 in the aqueous phase and as carbonate minerals.
Thirdly, a lot of CO2 sequestration projects have been carried out in West Texas, Col-
orado Plateau, Williston Basin, Ohio and Gulf Coast in United States, geochemical reaction
modeling has been performed to investigate the fate of CO2 injection in these sites. Well-
man et al. (2003) compared simulator predictions to laboratory core flooding experiments to
evaluate model efficacy. The modeling code used was a combination of TOUGH2 simulator
(groundwater/brine and heat flow simulation) with the chemistry code TRANS (chemical
reactive transport). Five types of rock (pure calcite, pure quartz, quartz and carbonates,
quartz and evaporites, dolomite and anhydrite) from the Seminole field in west Texas were
used were selected in TRANSTOUGH model simulations. Simulation results indicated that
varying brine pH and alkalinity caused 0 to 5 percent differences on the resultant volumetric
mineral fractions.
White et al. (2005) performed geochemical reaction modeling of CO2 injection into the
White Rim Sandstone by the reactive chemical simulator ChemTOUGH. It was indicated
that 1,000 years after the 30 year injection period began approximately 21 percent of the
injected CO2 was permanently sequestered as a mineral, 52 percent was beneath the ground
surface as a gas or dissolved in the groundwater and 17 percent leaked to the surface and
leakage to the surface was continuing.
Zerai et al. (2006) used Geochemist’s Workbench to conduct equilibrium, path-of-reaction
and kinetic modeling of CO2-brine-mineral reactions in the Rose Run Sandstone, one of
Ohio’s deep saline aquifers, to investigate the factors that were likely to influence the ca-
pacity of this formation to trap injected CO2 as solid carbonate mineral phases. Three
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types of mineral assemblages were investigated for the geochemical reaction: a carbonate
assemblage composed of calcite, dolomite and siderite; a sandstone assemblage composed of
quartz, k-feldspar, kaolinite, albite, annite, and siderite; and a mixed assemblage (sandstone-
carbonate), which represents the aquifer as a whole. It was indicated that the stability of
carbonate rocks was controlled by the brine-to-rock ratio, the pH of the system, the fugacity
of CO2, and the kinetic rate of dissolution.
Bacon et al. (2009) conducted 2D reactive transport modeling based on the data from
Rose Run Formation and Copper Ridge Formation by STOMP-WCS-R (water, CO2, salt and
reactions) and addon module of ECKEChem (Equilibrium-Conservation-Kinetic Equation
Chemistry). Fourteen carbonate, silicate and sulfate aqueous species, and four mineral
species were considered (88 percent dolomite, 8 percent quartz, 2 percent calcite, and 2
percent anhydrite by volume for dolomite layers and 88 percent quartz, 8 percent dolomite,
2 percent calcite, and 2 percent anhydrite by volume for sandstone layers). It is shown
that for a 330,000 metric ton injection of CO2, with a 100-year recovery period, mineral
dissolution/precipitation does not significantly affect the rate of carbon sequestration in, or
the formation properties of, the Rose Run and Copper Ridge formations.
Sorensen et al. (2009) utilized the geochemical code PHREEQC to perform numerical
modeling, where the thermodynamic database was adjusted with SUPRCRT92 code. The
modeling was based on the selected rock samples from several different formations of the
Williston Basin, including Bakken, Broom Creek, Madison, and Winnipeg. The XRD anal-
ysis was performed on each sample after CO2 exposure to determine the mineralogical com-
ponents of the samples and to evaluate any physical or chemical changes. It was reported
that anhydrite, calcite, dolomite, forsterite, and quartz were treated as dominant phases.
The results suggested that laboratory experimental results could be reasonably correlated
to some aspects of geochemical modeling.
Berger et al. (2009) used React 7.0.4 and PHREEQC 2.13.2 (for kinetic and equilibrium
models), TOUGHREACT (for reaction modeling with carbonate and silicate minerals) to
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conduct geochemical reaction modeling based on data from brine and freshwater samples
associated with EOR project in the Loudon oil field and Illinois Basin Decatur project. It
was indicated that the changes in the reservoir properties would resulted in the apparent
increase in the reservoir permeability for the reaction modeling of Loudon oil field. Predictive
models for the Illinois Basin Decatur project were helpful to understand potential reactions
in the subsurface.
Xu et al. (2003) developed a reactive fluid flow and geochemical transport numerical
model for evaluating long term CO2 disposal in deep geologic formations, and they performed
numerical simulations by TOUGHREACT for a commonly encountered Gulf Coast sediment
under natural and CO2 injection conditions to analyze the impact of CO2 immobilization
through carbonate precipitation. They concluded that the CO2 mineral trapping capability
after 10,000 years was comparable to CO2 dissolution in pore waters. The addition of CO2
mass as secondary carbonates to the solid matrix decreased porosity, resulting in a significant
decrease in permeability. The simulation was partially validated by field observations of the
diagenesis of Gulf Coast sediments, and in particular, sandstones of the Frio formation of
Texas.
Then, GEM module of CMG software was employed by Ozah et al. (2005) to investigate
the precipitation/dissolution reactions for 10,000 years. The simplification of mineral reac-
tions in this study was the same as discussed by Kumar et al. (2005). The results of both 2D
and 3D simulations showed that significant calcite precipitation took place simultaneously
with anorthite dissolution after 10,000 years. The pH of the brine in the aquifer decreased
and the concentration of H+ ions increased during this period. This caused anorthite to dis-
solve into brine and thus liberate Ca2+ ions over long periods of time even after the injection
of CO2 was stopped.
Xu et al. (2007) developed 1D and 2D numerical simulation for the injection of CO2, H2S
and SO2 mixtures in a sandstone-shale sequence using hydrogeological properties and mineral
compositions commonly encountered in Gulf Coast sediments. Simulations were performed
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with the reactive fluid flow and geochemical transport code TOUGHREACT to analyze
mineral alteration, acid-gas immobilization through precipitation, and changes in porosity.
Results indicated that shale plays a limited role in mineral alteration and sequestration of
gases within a sandstone horizon for short time periods (10,000 years in present simulations).
The co-injection of SO2 resulted in different pH distribution, mineral alteration patterns, and
CO2 mineral sequestration than the co-injection of H2S or injection of CO2 alone.
Geochemical reaction modeling performed by Kharaka et al. (2006) to evaluate gas-water-
rock interactions in sedimentary basins of Frio Formation during CO2 sequestration. The
results of geochemical modeling, using modified SOLMINEQ, indicated that brine pH would
have dropped lower, but for buffering by dissolution of calcite and Fe oxyhydroxides. Then,
a kinetic model of Fe release from the solid to aqueous phase was developed for the Frio-I
Brine Pilot (Xu et al., 2010), which could reproduce the observed increases in aqueous Fe
concentration. The trend of Fe concentrations decreasing in brine samples due to carbonate
precipitation could be captured by our modeling. Long-term simulations showed that all
injected CO2 could ultimately be sequestered as carbonate minerals for Frio-I Brine Pilot.
Finally, I investigate the study of geochemical reaction in the other parts of the word
including Italy, France, Japan and Brazil. Cipolli et al. (2004) investigated the feasibility of
CO2 sequestration through injection into deep aquifers hosted by the ultramafic-serpentinitic
rocks of the Gruppo di Voltri (Genova, Italy). A total of 25 samples were collected from the
15 springs of high pH identified in the Gruppo di Voltri area and chemical characteristics
of waters interacting with ultramafic rocks and serpentinite were surveyed. The irreversible
mass exchanges presumably taking place during high-pressure CO2 injection into a deep
aquifer hosted in serpentinitic rocks were modeled by means of the software package EQ3/6.
The results indicated that serpentinitic rocks and ultramafites had a high CO2 sequestration
capacity, mainly through mineral fixation as magnesite and subordinately through solubility
trapping.
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Prior to the CO2 greenhouse gas injection in the south-west of Nagaoka City, Niigata
Prefecture, Japan, Zwingmann et al. (2005) conducted geochemical reactions modeling by
CO2 injections using the geochemical modeling code (EQ3/6). The injection formation is
the sedimentary marine Haizume Formation (Pleistocene) in the Uonuma Group, which
is covered by a mudstone seal. The formation is mainly composed of quartz, plagioclase,
feldspar, pyroxene, and clays (smectite, chlorite). The sandstone shows minor consolidation
and grain size is medium to coarse sand. The modeling results showed a high reactivity of the
minerals in the CO2 rich environment and high mineral conversion rate within the formation.
At the final state, approximately 23 moles of CO2 were taken into 1 kg of formation water
and more than 90% of this was stored within carbonate minerals.
André et al. (2007) conducted numerical simulation of fluid-rock chemical interactions
at the supercritical CO2-liquid interface during CO2 injection into a carbonate reservoir
of the Dogger aquifer (Paris Basin, France), and modified TOUGHREACT software and
SCALE2000 software were employed for reactive transport simulation and batch geochemical
modeling, they presented the numerical results of two CO2 injection scenarios, firstly with
CO2-saturated water and secondly with pure supercritical CO2. The simulation results
confirmed that the high reactivity of CO2-saturated water, which can dramatically damage
the reservoir structure, and supercritical CO2 injection appeared to be weakly reactive with
a limited modification of well injectivity.
Thibeau et al. (2009) carried out the geochemical assessment of the injection of CO2
into Rousse depleted gas reservoir of the Lacq CO2 pilot, the first French pilot. The geo-
chemical modeling was performed in three steps: (1) Combination of X Ray Diffraction and
Fluorescence data in order to establish the initial mineralogy; (2) Construction of a batch
thermodynamical model to evaluate the effect of CO2 injection by means of CHESS software;
(3) Using GEM module of CMG to development of a 3D coupled reservoir and geochemical
model to investigate the variation of reactive processes in space and time.
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The experimental and numerical modeling studies were performed (Ketzer et al., 2009) in
sandstones of the saline aquifer of the Rio Bonito Formation of Parana Basin. The geochem-
ical reaction modeling software (PHREEQC) was employed for geochemical interactions
modeling of the water-rock-CO2 system through equilibrium and kinetic batch modeling.
The results of simulation showed that the studied sandstones of the Rio Bonito Formation
consist of good reservoirs for CO2 storage because its stable mineralogy (quartzarenites and
subarkoses) assured mineral integrity of the reservoirs.
Then, all the literature relative to the location and the software used in the literature
are summarized in Table 1.19.
Table 1.19: Summary of geochemical reaction software for CO2 squestration
Location Software Reference
Sleipner, North Sea NUFT,SUPCRT92 Johnson et al. 2001
Sleipner, North Sea PHREEQC V2.6 Gaus et al. 2005
Sleipner, North Sea Toughreact Audigane et al. 2007
Sleipner, North Sea Chess module Lagneau et al. 2005
Sleipner, North Sea PHREEQC Wigand et al. 2008
Alberta Basin, Canada PATHARC Gunter et al. 2000
Alberta Basin, Canada TOUGHREACT Xu et al. 2004a
Weyburn oilfield, Canada Solmineq 88 Emberley et al. 2005
Weyburn oilfield, Canada PHREEQC Cantucci et al. 2009
Weyburn oilfield, Canada Geochemists Workbench Raistrick et al. 2009
West Texas, US TOUGH2 Wellman et al. 2003
Colorado Plateau, US ChemTOUGH White et al. 2005
Rose Run Sandstone, Ohio Geochemist’s Workbench Zerai et al. 2006
Rose Run, Copper Ridge STOMP, ECKEChem Bacon et al. 2009
Williston Basin PHREEQC, SUPRCRT92 Sorensen et al. 2009
Illinois Basin PHREEQC, TOUGHREACT Berger et al. 2009
US Gulf Coast TOUGHREACT Xu et al. 2007, 2010
US Gulf Coast GEM module of CMG Ozah et al. 2005
US Gulf Coast SOLMINEQ Kharaka et al. 2006
Niigata Basin,Japan Software package EQ3/6 Zwingmann et al. 2005
Southern Brazil PHREEQC Ketzer et al. 2009
Genova, Italy EQ3/6 Package Cipolli et al. 2004
Northern Italy TOUGHREACT Gherardi et al. 2007
Paris Basin, France TOUGHREACT André et al. 2007
Paris Basin, France Crunch Code Credoz et al. 2009
Lacq CO2 pilot, French Chess, GEM Thibeau et al. 2009
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1.5 Numerical Simulation Scheme and Algorithm
It is a challenging issue to model the THMC processes mathematically, because of the
complexity of multiphase fluid and heat flow, geomechanics, water-gas-rock interaction, and
the strong non-linearities in the mass, energy and momentum conservation equations. Among
the four processes, THM processes and THC processes are always coupled speperately to
solve for CO2 geo-sequestration. There are few numerical studies to couple the THMC pro-
cesses of CO2 geo-sequestration. Among the THMC processes, the geochemical reaction
process is much more complex than the others. Many numerical studies have addressed
the coupled methods for THC processes. The numerical scheme and algorithm for THMC
processes can base on that of THC processes. There are two major methods widely used
to solve the fluid flow, solute transport, and geochemical reactions together, i.e. direct
substitution approach and sequential iteration approach. Among them, the sequential it-
eration approach solves the transport and the reaction equations separately in a sequential
manner with an iterative procedure (Cederberg et al. 1985; Yeh & Tripathi 1991; Enges-
gaard & Kipp 1992; Šimnek & Suarez 1994; Walter et al. 1994; Zysset et al. 1994; Xu
1996; Wei 2012). Furthermore, a modified sequential noniterative approach was proposed
to solve solute transport and chemistry only once without iteration (Liu & Narasimhan
1989; Ague & Brimhall 1989; Appelo 1994). By means of the sequential iteration approach,
a set of geochemical codes such as SOLMINEQ (Kharaka et al., 1989), EQ3/6 (Wolery,
1992), PHREEQE (Parkhurst et al., 1991), PATHARC (Hitchon, 1996), PHREEQC V2.0
(Parkhurst et al., 1999), GEOCHEMIST’S WORKBENCH (Bethke, 2002), TOUGHREACT
(Xu et al., 1997), and UTCHEM (Delshad et al. 1996; Najafabadi et al. 2009) are designed
to couple the fluid flow, solute transport, and geochemical reaction sequentially. Among
them, SOLMINEQ, EQ3/6, PHREEQC, PATHARC, GEOCHEMIST’S WORKBENCH are
for batch reaction systems or 1D geochemistry transport problems, and keep track of the
full chemical database during the entire simulation. This may be not efficient or practical
for simulating field-scale multidimensional reactive transport problems. TOUGHREACT
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and UTCHEM are developed to solve the multi-dimensional and multi-phase fluid flow, so-
lute transport, and chemical reactions in groundwater and petroleum systems, respectively.
UTCHEM does not consider the kinetic reactions. The second method, direct substitution
approach, substitutes the geochemical reaction into the fluid flow equations directly, forming
a fully coupled reactive solute transport model. This approach solves the fluid flow, solute
transport, and geochemical reactions simultaneously with a high accuracy. Even though it
might consume more computer resources than the sequential iteration approach, the par-
allel computing could solve this problem easily. In this study, both the sequentially and
fully coupled approaches are employed to simulate the THMC processes during CO2 geo-
sequestration.
According to the literature survey above-mentioned, I can compare the capabilities in
various geochemical reaction softwares in Table 1.20. Among the simulators in Table 1.20,
fluid flow and reactive solute transport are fully taken into account in TOUGHREACT
simulator, other simulators do not have the capabilities to simulate the fluid flow, solute
transport and geochemical reaction simultaneously. Therefore, TOUGHREACT simulator
is used as a reference to conduct the numerical study of this research.
Table 1.20: Capability comparison of geochemical reaction simulator
Software Equilibrium Kinetics Fluid Flow
TOUGHREACT X X X
GEM Module X X X
UTChem X X
PHREEQC X X
EQ3/6 Package X X
Geochemist Workbench X X
SUPRCRT92 X X




1.6 Purpose and Objective of Study
This section introduces the overall objectives and methodology of this research.
1.6.1 Objectives
1. Assess (1) physical and mathematical model and (2) existing numerical simulation
schemes for Thermal-Hydrological-Mechanical-Chemical (THMC) model.
2. Develop numerical scheme and algorithm for the THMC model to quantitatively in-
vestigate non-isothermal, multiphase fluid flow, solute transport, geomechcanics and
geochemical reactions. The simulator will model the complex and coupled physical
and chemical process, and will have the following capabilities: (1) the fluid and heat
flow, aqueous phase solute transport within a three-phase mixture, (2) the stresses
and displacements related to the mean stress, (3) the non-isothermal effect on fluid
properties and reaction processes, and (4) the equilibrium and kinetics of fluid-rock
and gas-rock interactions.
3. Verify and validate the THMC model with the analytical solution or existing simula-
tors.
4. Conduct sensitivity studies to understand the factors affecting the THMC processes.
The contributions of this dissertation are to provide a better understanding of the THMC
processes for CO2 geo-sequestration in the different perspectives, develop the numerical tools
to simulate THMC processes during CO2 geo-seuqestration. I will demonstrate the capability
of the numerical tools to treat complex processes during CO2 geo-sequestration by nine
examples.
1.6.2 Methodology
1. Sequentially coupled procedure: it has three main parts to solve the THMC processes.
The first part is fluid flow, heat flow and geomechanics. The second part is solute
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transport. The last part is chemical reaction module. The first part is an independent
procedure, which is solved in a fully coupled process. After this, the second part
of solute transports for gaseous species and aqueous species are solved to obtain the
total concentrations of primary chemical species. The transport equations are solved
species by species. Finally, the chemical reactions are solved to obtain the geochemical
compositions in the geochemical system in every block. Among these three main parts,
the solute transport and chemical reaction are solved in a sequential manner with an
iterative procedure.
2. Fully coupled procedure: it only has one main loop, the fluid and heat flow, geomechan-
ics, and chemical reactions are solved in a fully implicit method. Unlike the sequential
coupled procedure, the governing equations for the THMC processes are solved simul-
taneously in every iteration until convergence criteria is achieved.
1.6.3 Dissertation Content
Chapter 1 presents the reviews of publications related to the objectives of this study,
to include the physical mechanism of CO2 geo-sequestration, the description of THMC pro-
cesses, the current status for the numerical simulation scheme, and the existing numerical
simulations for THC processes. In addition, it surveys the available data for rock mineral
compositions, the chemical concentrations in the saline aquifer, the equilibrium constant and
kinetic reaction rate in the potential or existing CO2 geo-sequestration sites in the existing
numerical simulation studies, and summarizes the important rock minerals based on the
frequencies of these minerals used in the existing numerical study. The chemical reaction
pathway is described based on rock compositions and kinetic reaction rate. Finally, it states
the purpose and objectives of the research undertaken.
Chapter 2 provides the mathematical description of the THMC processes including mass
balance equation, mean stress equation, energy balance equation, and geochemical reaction
equation for CO2 sequestration.
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Chapter 3 presents two numerical schemes to solve the THMC model for CO2 seques-
tration: sequentially coupled procedure and fully coupled procedure, which have different
solution methods.
Chapter 4 provides verification and validation of the fully coupled THMC model against
four different analytical solutions.
Chapter 5 provides application examples for both the sequential coupled THMC model
and fully coupled model. Total nine simulation examples are presented to simulate the
THMC processes during CO2 injection and sequestration processes.




In this chapter, the THMC processes are described mathematically, including mass bal-
ance equation to describe the fluid flow and mass transport, momentum balance equation
to describe the mean stress field, energy balance equation to describe the heat flow and
energy transport, and geochemical reaction equation to describe the geochemistry occur-
ring during CO2 geo-sequestration. Majority of the mathematical description is based on
TOUGH ECO2N (Pruess 2005), TOUGHREACT simulator (Xu et al. 2006), and TOUGH
CSM simulator (Winterfeld & Wu 2012). The assumptions and the mathematical formula-
tions of the THMC model are described below.
2.1 General Description
The THMC model for CO2 sequestration has several assumptions. A brief description is
given as follows:
1. The THMC model is developed for one-, two-, or three-dimensional geologic domains
with physical and chemical heterogeneity.
2. The gas phase is active for multiphase fluid flow, mass transport, and chemical re-
actions. Considering not only porous media, but also reactive fluid flow and solute
transport in porous media.
3. The effects of heat are considered, including heat-driven fluid flow and temperature-
dependent thermophysical, geomechanical and geochemical properties.
4. Multiphase Darcy flow formulation is applied to calculate the flow in porous media.
The governing equations can be constructed species and energy conservation equations,
volume, phase, thermodynamic and reaction equilibrium constraints.
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5. Transport of aqueous and gaseous species by advection and molecular diffusion is con-
sidered in both liquid and gas phases. Any number of chemical species in liquid, gas,
and solid phases can be accommodated.
6. The chemical reactions between aqueous species are assumed to be at local equilibrium.
Mineral dissolution and precipitation can proceed either subject to local equilibrium
or kinetic conditions.
7. Thermodynamic and chemical equilibrium are attained instantly within each grid cell.
Thermodynamic equilibrium are considered between gaseous species and the corre-
sponding aqueous species. Aqueous complexation and gas dissolution are considered
under the local equilibrium assumption.
2.2 Mass Conservation Equation
The continuity of mass for primary component or species κ in association with Darcy’s




= ∇ · F κ + qκ +Rκreq +Rκr (2.1)
where the quantity M appearing in the accumulation term represents mass of a primary
components or species, with κ= 1, ... , NK labeling the primary components or species
(H2O, CO2, H
+, Ca2+, ...). F denotes mass flux, and q denotes sinks and sources. Rκreq
represents mass generation and loss by the chemical equilibrium reaction for primary chemical
species κ. The total mass fraction of the primary components or species are tracked in the
mass balance equations, so there is no necessity to compute the mass contributions from
the aqueous equilibrium reactions, and only the mass generation or loss by the chemical
equilibrium reactions between phases (aqueous and gas phases, aqueous and mineral phases)
are taken into account in this sink or source term. The term of Rκr is the sink or source
generated by the kinetic chemical reactions for primary chemical species κ. The calculation
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details of Rreq and Rr will be discussed later.







The total mass of primary component or species κ is obtained by summing over the fluid
phases β (= aqueous, gas, NAPL). φ is porosity, Sβ is the saturation of phase β (i.e., the
fraction of pore volume occupied by phase β), ρβ is the density of phase β, X
κ
β is the total
mass fraction of primary component or chemical species κ present in phase β, and Xκβ is the
function of the concentration of related primary chemical species cp,j, i.e., X
κ
β = f(cp,j), the
calculation details of Xκβ will be discussed later.
The mass flux includes advective mass flux and diffusive mass flux:
F κ = F κadv + F
κ
dis (2.3)











[∇pβ − ρβg] (2.5)
where µβ is the Darcy velocity (volume flux) in phase β, k is absolute permeability, krβ is
the relative permeability to phase β, µβ is viscosity, and Pβ is the fluid pressure in phase β,
which is the sum of the pressure P of a reference phase (usually taken to be the gas phase),
and the capillary pressure Pcβ (≤ 0). g is the vector of gravitational acceleration.








where D̄κβ is the hydrodynamic dispersion tensor.
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The diffusive flux of component κ in phase β is given by
F κβ,dis = −φτ0τβρβdκβ∇xκβ (2.7)
where dκβ is the molecular diffusion coefficient for component κ in phase β, τ0τβ is the tor-
tuosity which includes a porous medium dependent factor τ0 and a coefficient that depends
on phase saturation Sβ, τβ = τβ(Sβ).
2.3 Energy Conservation Equation
The energy balance equation is derived by assuming that energy is a function of temper-




= ∇ · F + qh (2.8)
where U is the heat accumulation term of rock and fluid, Fβ is the heat flux, and qh is the
heat sink and source by heat injection and withdraw.
The heat accumulation term in a multiphase system is as follows:




where ρR and CR are, respectively, the grain density and the specific heat of the rock, T is
the temperature, and µβ is the specific internal energy in phase β.
The heat flux is given by




where λ is thermal conductivity, hβ is specific enthalpy in phase β, and Fβ is given by Eq. 2.5.
2.4 Mean Stress Equation
The mean stress equation in this THMC model is based on the equation by Winterfeld
et al. (2012), which is to solve the normal mean stress. The derivation of this mean stress
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(α∇2p+ 3βK∇2T ) +∇ · F̄ = 0 (2.11)
where v is the Poisson’s ratio, τm is the normal mean stress, α is the Biot’s coefficient, p is
the pore pressure, β is the linear thermal expansion coefficient, K is the bulk modulus, F
is body force, λ is the Lame’s constant, G is the shear modulus, T is the temperature, and
subscript m is the label of mean stress.
2.5 Constraint Equation
There are four types of constraint equations in the THMC model, which are given as
follows:
1. Phase saturation
Sum of all phase saturations is equal to one.
Np∑
β=1
Sβ = 1 (2.12)
where Np is the number of phases that are present in current reactive solute transport
system.
2. Mass fraction Sum of total mass fractions for all primary chemical species in phase β
is equal to one.
Nc∑
i=1
Xβ,i = 1 (2.13)
where Nc is the number of primary chemical species or components selected in current
reactive solute transport system.
3. Phase equilibrium
As the dissolution rates of gaseous phase in aqueous phase and aqueous phase in gaseous
phase are very fast, the gaseous and aqueous phases are assumed to be in thermody-
namic equilibrium. The equation for thermodynamics equilibrium is the equality of
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fugacities of the components in the gas and aqueous phases. Assuming that the only
water can be present in aqueous phase, and other chemical species in aqueous will
not be present in the gaseous phase, then the equation of phase equilibrium can be
expressed as follows:
fgas,i = faqu,i (2.14)
where f is the fugacity of component i. The number of thermodynamic equilibrium
constraints is determined by the number of the equilibrium pairs that is present in
the reactive solute transport model. The calculation of phase equilibrium is a non-
iterative procedure developed by Spycher et al. (2003), and the derivation details for
the phase equilibrium considering the effects of dissolved chemical species are given in
Appendix B.
4. Saturation index for gas and mineral at equilibrium condition
In a geochemical reaction system, the dissolution rate of a certain mineral (i.e., CaCO3)
is very fast. The reaction of the mineral is always set to be at equilibrium, the mineral
saturation index controls the dissolution of the mineral, and it can be expressed as:













j = 0 (2.15)
where m is the equilibrium mineral index, Xm is the mole fraction of the m-th min-
eral phase, λm is its thermodynamic activity coefficient (for pure mineral phases Xm
and λm are taken equal to one), Km is the corresponding equilibrium constant of the
equilibrium mineral, Cj is the concentration of related primary chemical species or com-
ponents, vmj is the stoichiometric coefficient of j-th basis species in the m-th mineral
equilibrium reaction, and γj is the activity coefficient of primary chemical species.
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Reactions involving aqueous and gaseous phases are usually assumed to be at equilib-
rium. According to the Mass-Action Law, one has:













j = 0 (2.16)
where subscript g is gas index, P is the partial pressure (in bar), Γ is the gas fugacity
coefficient. The calculation of fugacity coefficient is directly related to temperatures
and pressures (Spycher et al. 2003).
2.6 Chemical Reaction Equation
1. Total mass fraction of primary chemical species
For representing a geochemical system, it is convenient to select a subset of NC aqueous
species as basis species (or component or primary species). All other species are called
secondary species that include aqueous complexes, precipitated minerals and gaseous
species. The number of secondary species must be equal to the number of independent
reactions. Any of the secondary species can be represented as a linear combination
of the set of basis species. Therefore, all the mass of the secondary species can be
transferred to the mass of primary chemical species. The total concentration of primary
species can be expressed as:
Cj = cj +
Nx∑
k=1
vkjck j = 1, ..., NC (2.17)
where C and c are the total concentrations and individual concentrations (chemical
reactions are always solved per kg of water, and concentration units used here are
mole/kg which is close enough to mole/l when its density is close to 1 kg/l); subscripts
j and k are the indices of basis species and aqueous complexes; NC and Nx are the
number of the primary and secondary species; vkj is the stoichiometric coefficient of
the basis species in the aqueous complexes.
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κ = 1, ..., NC (2.18)
where Mκ is the molecular weight of the primary chemical species, and ρl is the density
of the aqueous phase.
2. Aqueous complexation
The aqueous chemical reactions are assumed to be at local equilibrium. By making use
of the mass action equation to the dissociation of the i-th aqueous complex, the con-
centrations of aqueous complexes can be expressed as functions of the concentrations













where ck is the molal concentration of k-th secondary aqueous complexation, and cj
is molal concentration of the jth basis species, γk and γj are thermodynamic activity
coefficients of secondary and primary species, and Kk is the equilibrium constant of
the k-th secondary complexation reaction.
3. Kinetic mineral dissolution/precipitation
The expression of kinetic rate is given by Lasaga et al. (1994):
rn = f(c1, c2, ..., cNC ) = ±KnAn
∣∣1− Ωθn∣∣η n = 1, ..., Nq (2.20)
where positive values of rn indicate dissolution, and negative values precipitation, kn
is the rate constant (moles per unit mineral surface area and unit time) which is
temperature dependent, An is the specific reactive surface area per kg H2O, Ωn is the
kinetic mineral saturation ratio defined as in Eq. 2.15. Nq is the number of the mineral
at kinetic conditions. The parameters θ and η are always taken equal to one. The
temperature dependence of the reaction rate constant can be expressed reasonably
well via an Arrhenius equation (Lasaga 1984; Steefel & Lasaga 1994). In terms of
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the different chemistry mechanism, dissolution and precipitation of minerals are not
only catalyzed by pure H2O (neutral mechanism), but also by H
+ (acid mechanism)
and OH− (base mechanism). The calculation equation of kinetic rate constant k takes
these three mechanisms (Lasaga et al. 1994; Palandri & Kharaka 2004). The kinetic
reaction rate constant of minerals can be expressed by









































where Ea is the activation energy, k25 is the rate constant at 25
◦C, R is gas constant,
T is absolute temperature, a
nH+
H+ is the activity of H
+, which is the product of activity
coefficient (γH+) and concentration of H
+ (cH+), and a
nOH−
OH− is the activity of OH
−,
which is the product of activity coefficient (γOH−) and concentration of OH
− (cOH−).
4. Activity coefficients of charged aqueous species, water and neutral aqueous species
The activity coefficients of charged aqueous species, water and neutral aqueous species
are referred to the equations and parameters given by Helgeson et al. (1981), which
are consistent with the calculation of TOUGHREACT (Xu et al. 2008).
2.7 Stress-dependent Equation
Correlations have been developed for porosity as a function of effective stress and other
quantities and permeability as a function of either porosity or effective stress. There are
numerous examples of the above correlations, with each developed for a specific set of con-
ditions.
2.7.1 Porosity Correlation
1. Equation for sedimentary rock by Rutqvist & Tsang (2002)
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Rutqvist & Tsang (2002) presented the following function for porosity, obtained from
the laboratory experiment by Davies & Davies (2001) on sedimentary rock :
φ = φr + (φ0 − φr)e−ατ
′
(2.22)
where φ0 is zero effective stress porosity, φr is high effective stress porosity, the exponent
a is a constant parameter, and τ ′ is effective mean stress.
2. Equation by McKee et al. (1988)
McKee et al. (1988) presented a relationship between porosity and effective stress from
hydrostatic poroelasticity theory by assuming incompressible rock grains:
φ = φ0 +
e−cp(τ




′ − τ ′0)
) (2.23)
where cp is the average pore compressibility, φ0 is the original porosity, τ
′
0 is the original
effective mean stress, and τ ′ is the effective mean stress.
2.7.2 Permeability Correlation
1. Equation for sedimentary rock by Rutqvist & Tsang (2002)









where k0 is zero stress permeability and the exponent c is a parameter.
and the above relationship for porosity. These relationships fit laboratory and field
data for granite, sandstone, clay, and coal.
2. Equation by Ostensen (1986)
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Ostensen (1986) studied the relationship between effective stress and permeability for





where exponential n is 0.5, D is a parameter, and τ ′∗ is effective stress for zero perme-
ability, obtained by extrapolating measured square root permeability versus effective
stress on a semi-log plot.
3. Equation by Verma & Pruess (1988)










where kc and φc are asymptotic values of permeability and porosity, respectively, and
exponent n is a parameter.
2.8 Chemical-reaction-dependent Equation
Porosity changes in porous media are directly tied to the volume changes as a result of
mineral precipitation and dissolution. In addition the permeability changes are related to
porosity changes.
2.8.1 Porosity Correlation
Mineral dissolution/precipitation may lead to porosity reductions. These changes are




frm − fru (2.27)
where nm is the number of minerals, frm is the volume fraction of mineral m in the rock
(Vmineral/Vmedium, including porosity), and fru is the volume fraction of non-reactive rock.
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2.8.2 Permeability Correlation
The changes of rock permeability are calculated from changes in porosity using ratios
of permeabilities calculated from the Carman-Kozeny relation (Bear 1972), and ignoring










where ko and φo are the initial permeability and porosity, respectively.
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CHAPTER 3
NUMERICAL SCHEME AND ALGORITHM
In this chapter, two numerical schemes are developed to solve the THMC model for
CO2 sequestration: sequentially coupled procedure and fully coupled procedure. These two
procedures employ different solving method for the THMC processes, and the mathematical
equations for these two procedures are decomposed from the equations provided in Chapter 2.
The details for the equation decompositions and numerical algorithm in these two procedures
are described below.
3.1 Sequentially Coupled Procedure
For the sequentially coupled procedure, it has three main parts to solve the THMC pro-
cesses. The first part is fluid flow, heat flow and geomechanics. The second part is solute
transport. The last part is chemical reaction module. The first part is an independent
procedure, which is solved in a fully coupled process. After this, the second part of solute
transports for gaseous species and aqueous species are solved to obtain the total concen-
trations of primary chemical species. Finally, the chemical reactions are solved to obtain
the geochemical compositions in the geochemical system in every block. Among these three
main parts, the solute transport and chemical reaction is solved in a sequential manner
with an iterative procedure. Therefore, the equations for these three solving procedure are
decomposed from the general equations described in Chapter 2.
3.1.1 Fluid Flow, Heat Transfer and Geomechanical Equations
The mathematical equations for fluid flow, heat flow and geomechanics are described in
the following part.
1. Mass Conservation Equation
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In the sequential coupled procedure, the first part only solve the mass balance for three
primary components (H2O, NaCl, and CO2), only the mass loss or gain for H2O and
CO2 in chemical reaction are taken into account in the mass balance equation. The
mass balance equation in this part is extracted from Eq. 2.1. The mass balance for
primary component κ in association with Darcy’s law is expressed in terms of overall
volume of component κ can be written in the general form:
dMκ
dt
= ∇ · F κ + qκ +Rκ (3.1)
The quantity M appearing in the accumulation term represents mass of a primary
components or species, with κ= 1, ... , NK labeling the primary components or
species (H2O, NaCl, and CO2). F denotes mass flux, and q denotes sinks and sources.
R denotes mass or loss for H2O and CO2 due to chemical reactions, which are the
feedbacks from the third part. The expression of the mass accumulation term is given
in Eq. 2.2. The mass flux includes advective mass flux and diffusive mass flux, which
are given by Eqs. 2.3 - 2.7 in Chapter 2.
2. Energy Conservation Equation
Refer to Eq. 2.8 in Chapter 2.
3. Mean Stress Equation
Refer to Eq. 2.9 in Chapter 2.
3.1.2 Discretization and Solution Method for Fluid and Heat Flow, Geome-
chanics




The mass balance equations (Eq. 3.1) are discretized in space using the integral finite















where Mn is the average value of M over Vn. Surface integrals are approximated as a
discrete sum of averages over surface segments Anm, Fnm denotes mass flux between
two volume elements Vn and Vm, and qn denotes sinks and sources by mass injection
or withdraw at element n.













where the subscripts (nm) denote a suitable averaging at the interface between grid
blocks n and m (interpolation, harmonic weighting, upstream weighting). Dnm =
Dn +Dm is the distance between the nodal points n and m, and gnm is the component
of gravitational acceleration in the direction from m to n.
The discretization of diffusive flux is given by














2. Energy Conservation Equation
The energy balance equation (Eq. 2.8) are discretized in space using the integral finite








AnmFnm + qh,n (3.5)











3. Mean Stress Equation
Eq. 2.9 expresses the mean stress in terms of the pore pressure and body forces. It
is discretized using the Integral Finite Difference method over volume element V with










(α∇pnm + 3βK∇Tnm) + F̄nm
]
Anm = 0 (3.7)
The residual form is as follows:




























4. Equation System in Residual Form
For the fully coupled approach to solve the THM processes in first part, the mathe-
matical equations for fluid flow, heat flow and geomechanics are solved simultaneously.


















κ = 1, ..., NC
(3.9)
Mk+1 = M(Xj,k+1) j = 1, ..., NC +Np +Ng (3.10)
For each volume element Vn, there are NEQ equations, so that for fully coupled reac-
tive solute transport system with NEL grid blocks represents a total of NEL×NEQ
coupled non-linear equations. The unknowns are the NEL × NEQ independent pri-
mary variables Xj; j = 1, ... , NEL × NEQ, which completely define the state of
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the THM system at time level tk+l. These equations are solved by Newton-Raphson
iteration, which is implemented as follows. An iteration index p is introduced to ex-
pand the residuals R and F at iteration step p+ 1 in a Taylor series in terms of those
at index p. The Taylor series expansion of residual equation for xj (p is NR-iteration
index):
















Retaining only terms up to first order, a set of NEL×NEQ linear equations for the










|p(Xj,p+1 −Xj,p) = −Mk+1(Xj,p) (3.14)
For the fully coupled approach in this part, the equations for fluid flow, heat flow and
geomechanics are solved simultaneously until the prescribed convergence criteria are
satisfied.
3.1.3 Solute Transport for Gaseous and Aqueous species
After the first part is solved, the Darcy velocity for each is used to solve the second
part: solute transport for gaseous and aqueous species. The governing equation for solute
transport is derive from the mass conservation equation (Eq. 2.1). The aqueous species are
subject to transport in the liquid phase as well as to local chemical reactions between solid
and gas phases. Transport equations are written in terms of total dissolved concentrations of
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primary chemical components. Advection and diffusion processes are considered for chemical
transport, and the diffusion coefficients are assumed to be the same for all species. The local
chemical reactions in the transport equations are represented by reaction source/sink terms.
1. Solute Transport Equation
The solute transport is a mole balance equation derived from the general mass conser-
vation of Eq. 2.1. The equation for each primary chemical component in the aqueous
phase and gaseous phase can be expressed as follows:
dMj
dt
= ∇ · Fj + qj +Rj (3.15)
Accumulation terms:
Mj = φSlCj j = 1, 2, · · · , Nc (3.16)
Flux terms:
Fj = uβCj − (τφSβDβ)∇Cj j = 1, 2, · · · , Nc (3.17)
Sink/source terms:
qj = qjl + qjg j = 1, 2, · · · , Nc (3.18)
where Nc is the total number of the primary chemical components (species), uβ is the
Darcy velocity of phase β, Dβ is the diffusion coefficient of phase β. For the primary
aqueous chemical species, Cj is the concentration of the jth species in aqueous phase,
for the primary gaseous chemical species, Cj is the concentration of the jth species in
gaseous phase, which is related to its partial pressure in gaseous phases. qj denotes sinks
and sources for primary chemical species. qjl denotes sinks and sources for primary
chemical species in aqueous phase. qj denotes sinks and sources for primary chemical
species in gaseous phase. Rj denotes chemical reactions for primary chemical species,
which are the feedbacks from the third part.
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2. Gaseous Species





where Cg are gaseous species concentrations (in mole/l), Pg is the gaseous species
partial pressure (in 105 Pa), R is the gas constant (8.314 J/mole/K), and T is the
absolute temperature (in K).
3. Aqueous species
The total concentration for primary chemical species in aqueous phase can represent the
chemical composition in liquid phase. The total concentrations for primary chemical
species in aqueous phase are solved from solute transport equations. The equation for
total concentration of primary chemical species is given by Eq. 2.17.
3.1.4 Discretization and Solution Method for Solute Transport
Finite difference is employed to discretize the solute transport equations for gaseous and













= ∆M j,k+1n − qj,k+1n ∆t−Rj,k+1n ∆t
j = 1, 2, · · · , Nc
(3.20)
where n labels the grid block, j labels the chemical component, Nc is the total number of
chemical components, k labels the number of the time step, unm is the liquid volumetric
flux or Darcys’ velocity (m/s), Dnm is the effective diffusion coefficient (including effects of
porosity, phase saturation, tortuosity and weighting factors between the two grid blocks),
dnm is the nodal distance, R
j,k+1
n are the overall chemical reaction source/sink terms.
According to Eq. 3.20, the concentration of primary chemical species and the partial
pressure of the gaseous species are the unknown variables in the solute transport equation.
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Every unknown variable is solved once for every primary chemical species in aqueous and
gaseous phases.
3.1.5 Chemical Reaction Equation
The chemical equations are solved on a grid block by grid block basis at the same time.
The main equations for chemical reactions are mole balance equations for each primary
chemical species and saturation index for mineral and gas species. The chemical reaction of
primary species feed back to the solute transport and fluid part for next step iteration.
1. Mole Balance Equation
The mole balance equation for primary chemical species is as follows:
Fj = Tj − T 0j = 0 (3.21)
where T 0j is the total concentration of primary chemical species at zero time step, and
Tj is the total concentration of primary chemical species at current time step.
The mathematical expression of total concentration is as follows:










where c are concentrations (chemical reactions are always solved per kg of water, and
concentration units used here are mole/kg which is close enough to mole/l when its
density is close to 1 kg/l); subscripts j, k, m, and n are the indices of basis species,
aqueous complexes, minerals at equilibrium and minerals under kinetic constraints,
respectively; NC , Nx, Np, and Nq are the number of the corresponding species and
minerals; kj, mj, and nj are stoichiometric coefficients of the basis species in the aqueous
complexes, equilibrium and kinetic minerals, respectively.
2. Saturation Index for Mineral at Equilibrium Condition
Refer to Eq.2.15 in Chapter 2.
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3. Saturation Index for Gas at Equilibrium Condition
Refer to Eq.2.16 in Chapter 2.
3.1.6 Discretization and Solution Method
NC mole balance equations andNp mineral and gas saturation index constitute a complete
set of equations needed for NC+NP primary variables. Denoting the set of primary variables







∆Xi = −F 0j (3.23)
The derivatives of Eq. 3.23 are always calculated in the analytical solution. Therefore,





























In Appendix C, an example of chemical reaction system (H2O, CO2, CaCO3(s) and
CaSO4(s)) is given to illustrate the derivation of the chemical reaction module in the se-
quential coupled model for CO2 sequestration. All the chemical reactions occurring in the
aqueous phase are set to be at equilibrium. Gypsum (CaSO4) dissolution is set to be under
equilibrium condition. Calcite (CaCO3) dissolution/precipitation is set to be under kinetic
condition. The derivation for analytical derivative are presented in details.
3.1.7 Code Structure for Sequentially Coupled THMC Model
The solution procedure and code structure of TOUGHREACT simulator(Xu et al. 2004c)
are taken as bases for the sequentially coupled THMC model. Figure 3.1 shows the flow chart
of TOUGHREACT simulator. The solving sequence of the TOUGHREACT simulator is as
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follows: the non-isothermal multiphase flow equations are solved first, and the resulting
fluid velocities and phase saturations are used for the transport simulation. The solute
transport in the liquid phase is treated in terms of total dissolved concentrations of primary
components or chemical species. In addition, the transport of gaseous species is solved in
terms of their partial pressures. The resulting concentrations and partial pressures from the
transport calculation are substituted into the chemical reaction model. The temperature
distribution obtained from the solution of the multiphase flow equations is used to update
physical and chemical parameters. The chemical transport equations are solved component
by component, whereas the reaction equations are solved on a grid block basis. The transport
and reaction equations are solved iteratively until convergence.
Figure 3.2 shows the code structure of TOUGHREACT simulator. The solving method
of TOUGHREACT simulator is as follows: the equation system of fluid and heat flow equa-
tions is a set of non-linear algebraic equations for the thermodynamic state variables in all
grid blocks as unknowns. These are solved by Newton-Raphson iteration method in the
TOUGHREACT simulator. The matrix coefficients are calculated by numerical derivatives
related to the primary unknown variables in Subroutine ‘Multi’. The set of coupled linear
equations arising at each iteration step is solved iteratively by means of the conjugate gra-
dient solver in Subroutine ‘Lineqc’ . In addition, a sequential non-iterative approach is used
to solve the transport and reaction equations, the solute transport equations and chemical
reaction equations are considered as two relatively independent subsystems. They are solved
separately in a sequential manner following an iterative procedure. For the solute transport,
the transport of gaseous species and aqueous species are solved separately in Subroutine
‘Couple’, the conjugate gradient solver in Subroutine ‘Lineqc’ is used twice to solve the so-
lute transport. Finally, the geochemical reaction system is still a set of non-linear algebraic
equations and solve by Newton-Raphson iteration. The matrix coefficients are calculated by
analytical derivatives related to the primary unknown variables in Subroutine ‘Newtoneq’,
and solved by the LU solver (Subroutine ‘ludcmp’ and ‘lubksb’).
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Figure 3.3 shows the flow chart of the seqential coupled THMC model base on that of
TOUGHREACT simulator. An equation of mean stress is added to the first part, which
results in a procedure in the first part to solve THM processes. Figure 3.4 shows the code
structure of the sequential coupled THMC model. Due to the introduction of the geome-
chanics in the THMC model, the code structure has been modified and new features has
been added. The materials in the red boxes in Figure 3.4 are newly added or modified based
on the TOUGHREACT simulator. The stress filed initialization and calculation are con-
ducted in Subroutine ‘Rsftrc’ and ’Multist1’. The calculation of stress-dependent properties
(Subroutine ‘Porprm’) is added to the subroutine for equation of state (Subroutine ‘EOS’).
The subroutine of Jacobian matrix construction (Subroutine ‘Multi’) is modified to add the
mean stress equation in.
3.2 Fully Coupled Procedure
For the fully coupled coupled procedure, the fluid and heat flow, geomechanics, and
chemical reaction are solved in a fully implicit method. Unlike the sequential coupled pro-
cedure, the governing equations for the THMC processes are solved simultaneously in every
iteration until convergence criteria is achieved. The equations for the fully coupled model
are no longer extracted from the general equations described in Chapter 2. The details for
equation system and solution method of the fully coupled model are given below.
3.2.1 Mathematical Equations for THMC Processes
The equation system includes four types of equations: mass conservation equation (Eq. 2.1),
energy conservation equation (Eq. 2.8), mean stress equation (Eq. 2.11), and saturation in-
dex for mineral and gas in equilibrium (Eqs. 2.15 and 2.16). The unknown variables to be
solved in the system are pressure, saturation, concentration of primary chemical species,
temperature, and dissolved concentration of gas and mineral at equilibrium.
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3.2.2 Discretization and Solution Method
The discretizations for mass conservation, energy conservation and mean stress equation
have already been presented by Eqs. 3.2 - 3.8 of Section 3.1. For the fully coupled approach,
the mathematical equations for fluid and heat flow, geomechanics, and geochemical reaction
are solved simultaneously. Based on single cell, all the governing equations are lumped
together in residual forms, and all the primary variable are defined as cj. The discretized


















κ = 1, ..., NC
(3.26)
F k+1m = Fm(cj,k+1) j = 1, ..., NC +Np +Ng (3.27)
F k+1g = Fg(cj,k+1) j = 1, ..., NC +Np +Ng (3.28)
Mk+1 = M(cj,k+1) j = 1, ..., NC +Np +Ng (3.29)
For each volume element Vn, there are NEQ (NC+Np+Ng) equations, so that for fully
coupled reactive solute transport system with NEL grid blocks represents a total of NEL×
NEQ coupled non-linear equations. The unknowns are the NEL × NEQ independent
primary variables cj; j = 1, ... , NEL × NEQ, which completely define the state of the
reactive solute transport system at time level tk+l. These equations are solved by Newton-
Raphson iteration, which is implemented as follows. An iteration index p is introduced to
expand the residuals R and F at iteration step p+ 1 in a Taylor series in terms of those at
index p. The Taylor series expansion of residual equation for cj (p is NR-iteration index):







|p(cj,p+1 − cj,p) κ = 1, ..., NC (3.30)
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|p(cj,p+1 − cj,p) (3.31)














|p(cj,p+1 − cj,p) (3.33)
Retaining only terms up to first order, a set of NEL × NEQ linear equations for the




















|p(cj,p+1 − cj,p) = −Mk+1(cj,p) (3.37)
For the fully coupled approach, the fluid flow and reactive solute transport equations are








in the Jacobian matrix are evaluated by numerical differentia-
tion. The equation system from Eq. 3.34 to Eq. B.1 is solved by sparse direct matrix methods
or iteratively by means of preconditioned conjugate gradients. Iteration is continued until
the residuals Rκ,k+1n are reduced below a preset convergence tolerance. For the ECO2N mod-
ule of the TOUGH2 simulators (Pruess et al. 1999), the convergence is achieved when the
absolute value of the ratio between the residual and accumulation terms is less than a given
convergence tolerance. The convergence criteria of the TOUGH ECO2N module (Pruess
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∣∣∣∣∣ ≤ ε1 (3.38)
The default (relative) convergence criterion is ε1 = 10
−5. When the accumulation terms
are smaller than ε2 (default ε2 = 1), an absolute convergence criterion is imposed,∣∣Rκ,k+1n ∣∣ ≤ ε1 · ε2 (3.39)
In the equation system of the fully coupled reactive solute transport model, it has the mass
balance equations for the primary components or species, but also the chemical constraints
for the equilibrium mineral and gas. Therefore, the convergence criteria of TOUGH ECO2N
module (Pruess 2005) cannot be applied to the fully coupled model.
Referred to the Toughreact simulator (Xu et al. 2004c), the convergence is achieved
when the absolute value of the ratio between the relative increment of concentration and the
concentration of primary components or species is less than a given convergence tolerance.
The convergence criteria can be expressed as:∣∣∆ck+1j,p+1∣∣
ck+1j,p
≤ τ j = 1, 2, · · · , Nc +Np +Ng (3.40)
where, τ is the convergence criterion, the default value is τ = 10−4. As a consequence,
although the iteration method becomes more robust, the rate of convergence may slow
down in some cases. Convergence is usually attained in a certain number of iterations.
If convergence cannot be achieved within a certain number of iterations, the time step size
∆t is reduced and a new iteration process is started.
3.2.4 Code Structure of Fully Coupled THMC Model
Figure 3.5 shows the flow chart to solve the fully coupled THMC model. It solves the
fluid and heat flow, geomechanics and geochemical reactions simultaneously in a time step.
The governing equations for the geochemical reaction system interested are highly non-linear
algebraic equations. They are solved by Newton-Raphson iteration method, and the matrix
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coefficients are calculated by the numerical derivatives related to the primary unknown
variables. Figure 3.6 shows the code structure of the sequential coupled THMC model.
Due to the re-construction of equation system in the fully coupled THMC model, the code
structure has been changed and new features has been added. The initialization for fluid
and heat flow (Subroutine ‘Input’), geomechanics (Subroutine ‘Rsftrc’ and ‘Multist1’) and
chemical reaction (Subrountine ‘Init’ and ‘Readsolu’) are conducted in different subroutines
before the calculation for equation of state. The calculations of stress-dependent properties
(Subroutine ‘Porprm’) and geochemistry-dependent properties (Subroutine ‘Cmq cp’ and
‘Cr cp’) are added to the subroutine for equation of state (Subroutine ‘EOS’). The Jacobian
matrix is constructed after EOS calculation for all the governing equation in Subroutine
‘Multi’. The number of equations may be three to six times larger than that of the equation
system in the fluid flow part of TOUGHREACT simulator. The conjugate gradient solver
in Subroutine ‘Lineqc’ is used once to solve the whole equation system.
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Solute transport equations 











Mass transfer from 
solid and gas 
No
Yes
Initialize parameters for fluid 
and heat flow
Initialize parameters for 
aqueous chemical reaction 
 Time steps
Fluid and heat flow equations
Figure 3.1: The flow chart of TOUGHREACT simulator (Xu et al., 2004c).
71
Data initialization for fluid and heat flow
Subroutine Input
Data initialization for chemical reaction
Subrountine Init
Data initialization for solute transport
Subroutine Readsolu
Jacobian Setup for fluid and heat flow
Subroutine Multi
Jacobian setup for solute transport
Subroutine Couple













Subroutine Ludcmp and Lubksb
Update chemical parameter






Updates for flow and solute transport
Subroutine Conver2
Mass transfer feed back
Subroutine CO2H2O Reaction Soure
Figure 3.2: The original code structure of TOUGHREACT simulator.
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Data initialization for THM
Data initialization for chemical reaction 
Solve equations and Jacobian setup
 Fluid, heat flow and geomechanics
Time step
Fluid velocity, temperature distribution 
and physical parameters
convergence
Solute transport for gaseous species Solute transport for aqueous species 
Chemical Reaction for each grid block
convergence
Update parameters of chemical reaction






No Mass Transfer from 
solid and gas 
Yes
No
Update variable and call iteration solve
Figure 3.3: The flow chart of the proposed sequentially coupled THMC simulator.
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Data initialization for THM
Subroutine Input 
Data initialization for chemical reaction
Subrountine Init
Data initialization for solute transport
Subroutine Readsolu
Jacobian Setup for THM
Subroutine Multi
Jacobian setup for solute transport
Subroutine Couple













Subroutine Ludcmp and Lubksb
Update chemical parameter








Mass transfer feed back
Subroutine CO2H2O Reaction Soure
Stress field initialization
Subroutine Rsftrc and Multist1
Stress related physical parameters
Subroutine Porprm
Figure 3.4: The code structure of the proposed sequentially coupled THMC simulator.
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Data initialization for fluid and heat
Data initialization for chemical reaction 
Solve equations and Jacobian setup
 Primary variables for THMC process
Time step
convergence







Data initialization for stress field
Update parameters for phase, 
geomechanics, and  chemical reaction
Figure 3.5: The flow chart of the proposed fully coupled THMC simulator.
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Data initialization for THM
Subroutine Input 
Data initialization for chemical reaction
Subrountine Init
Data initialization for solute transport
Subroutine Readsolu








Updates parameters for THMC
Subroutine Conver
Stress field initialization
Subroutine Rsftrc and Multist1
Stress related physical parameters
Subroutine Porprm
Chemical reaction source calculation
Subroutine Cmq_cp and Cr_cp
Figure 3.6: The code structure of the proposed fully coupled THMC simulator.
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CHAPTER 4
VERIFICATION AND VALIDATION OF THE NUMERICAL SCHEME
In this chapter, the fully coupled THMC model is verified against different analytical so-
lutions for the mechanisms involved in the THMC processes, including equilibrium chemical
reaction, kinetic chemical reaction, heat conduction and consolidation. For the equilibrium
chemical reaction and kinetic chemical reaction, the analytical solutions derived by Xu &
Pruess (1998, 1999) are used to verify the numerical scheme for chemical reaction in the
model. For thermal effect, the analytical solution of a 1D heat conduction problem is de-
rived to verify the heat conduction calculation in the model. For geomechanics, the analytical
solution of a 1D consolidation problem is used to verify the model.
4.1 1D Reactive Transport with Equilibrium Chemical Reaction
Assuming there is a semi-infinite porous medium which is extracted from a formation,
it is saturated by fluid under a steady-state uniform velocity flow regime. In the porous
media, a common mineral AB(s) is dissolving into the fluid and releasing chemical species
A and B. The chemical reaction is under equilibrium condition. The solution was given by
Xu & Pruess (1998, 1999), which is re-derived Appendix D. This solution corresponds to
1D reactive solute transport of the species A and B which is generated from the dissolution
of a mineral phase AB(s): AB(s)⇔ A + B. The mathematical descriptions of numerical
solution for the 1D solute transport problem in equilibrium state are given below.





















where cA and cB are concentrations of dissolved species A and B, v is pore water velocity,
D is dispersion coefficient, and rAB is the dissolved/precipitated concentration of mineral
AB(s).
The saturation index of mineral AB(s) controls the local equilibrium of the dissolution/-
precipitation of mineral AB(s), it can be expressed as follows:




where FAB is the saturation index of mineral AB(s), and KAB is the equilibrium constant
for mineral AB(s).
Eqs. 4.1 - 4.3 construct the equation system to be solved in the numerical solution. Three
equation are solved to obtain three unknown variables: concentrations of chemical species A
and B, and dissolved/precipitated concentration of mineral AB(s). The initial parameters
for analytical and numerical solutions are listed in Table 4.1. Figure 4.1 shows the the
numerial and analytical solutions of the 1D reactive solute transport under local equilibrium.
The concentrations of chemical species A and B change with tim due to the inflence of
boundary condition assigned in this problem. But the concentrations are controlled under
local equilibrium. The numerical results for the 1D reactive transport under equilibrium
condition agree well with the analytical solutions.
Table 4.1: Initial parameters for verification of the fully coupled THMC model.
Parameter Value
Formation length 6.0 m
Grid size 0.04 m
Porosity 0.30
Equilibrium constant 10−8
Dispersion coefficient 1 m2/s
Simulation time 1.5 days
Pore velocity 0.1 m/day
Initial concentrations
Chemical species A 10−4 mole/l
Chemical species B 10−4 mole/l
Inlet concentration difference 2×10−3 mole/l
78
0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5 6 . 0
2 . 0 x 1 0 - 5
4 . 0 x 1 0 - 5
6 . 0 x 1 0 - 5
8 . 0 x 1 0 - 5
1 . 0 x 1 0 - 4
1 . 2 x 1 0 - 4
1 . 4 x 1 0 - 4
1 . 6 x 1 0 - 4
1 . 8 x 1 0 - 4
2 . 0 x 1 0 - 4
 A n a l y t i c a l  s o l u t i o n
 N u m e r i c l a  s o l u t i o n











l) S p e c i e s  A
S p e c i e s  B
 
Figure 4.1: Concentration profiles for two species A and B in a problem involving dissolution
of a mineral AB(s) under conditions of local equilibrium
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4.2 1D Reactive Transport with Kinetic Chemical Reaction
Assuming there is a semi-infinite porous medium which is extracted from a formation,
it is saturated by fluid under a steady-state flow regime. In the porous media, a common
mineral AB(s) is dissolving into the fluid and releasing chemical species A and B. The
chemical reaction is under kinetic condition. The solution was given by Xu & Pruess (1998,
1999), which is re-derived in Appendix E. This solution corresponds to 1D reactive solute
transport of the species A and B which are generated from the dissolution/precipitation
of a mineral phase AB(s): AB(s)→ A + B in kinetics. The mathematical descriptions of
numerical solution for the 1D solute transport problem in kinetic state are given below.
The transport equation for dissolved species A is given by
−v∂cA
∂x
+ rAB = 0 (4.4)
The transport equation for dissolved species B is given by
−v∂cB
∂x
+ rAB = 0 (4.5)
The conditions are similar to the previous equilibrium case except the dissolution of
mineral AB(s) in kinetic condition. According to the theory by Lasaga et al. 1994, the first
order kinetic dissolution rate, rAB takes the form
rAB = kABA
(




where kAB is the rate constant for kinetic dissolution/precipitation of mineral AB(s), A is
the specific reactive surface area, and KAB is the equilibrium constant.
Eq. 4.4 and Eq. 4.5 construct the equation system to be solved in the numerical solution.
Three equation are solved to obtain two unknown variables: concentrations of chemical
species A and B. The initial parameters for analytical and numerical solutions are listed
in Table 4.2. and Figure 4.2 shows the verification of 1D solute transport under chemical
kinetics. The numerical results for 1D reactive transport under kinetic condition agree well
with the analytical solutions.
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Table 4.2: Initial parameters for verification of the fully coupled THMC model.
Parameter Value
Formation length 1.0 m
Grid size 0.04 m
Porosity 0.30
Equilibrium constant 10−8
Kinetic rate constant 2×10−10
Reactive surface area 1.0 m2/l
Simulation time 20 days
Pore velocity 0.1 m/day
Initial concentrations
Chemical species A 10−4 mole/l
Chemical species B 10−4 mole/l
Inlet concentrations
Chemical species A 10−4 mole/l
Chemical species B 10−5 mole/l
4.3 1D Heat Conduction in Porous Media
A 1D radial heat conduction problem is designed to verify the implementation of the
energy balance equation in the fully coupled THMC model. Assuming that a heat source
with constant heat flux is radiating in the center of a cylinder-type porous media, the sketch
of the conceptual model is plotted in Figure 4.3, the heat conductivity of the porous media
is constant, the property of the porous media is homogeneous, the initial temperature and
the boundary temperature of the model is constant. According to the assumption above
mentioned, a mathematical model is developed for 1D radial heat conduction in porous
media. The derivation of the analytical solution for this problem is given in Appendix F.
The initial parameters for the analytical and numerical solutions are listed in Table 4.3.
I choose K = 2.5 W/m·K as the heat conductivity for the porous media, ρ = 2000 kg/m3 for
the density of the porous media, C = 1000 J/kg·K for the specific heat of the porous media.
The initial and boundary temperature is 15 ◦C. The heat flux of 1000 J/s is injected at the
center of the model (r = 0.1 m), a radial distance of 1 km is modeled with a radial spacing
that increases gradually away from the injection point in the numerical calculation. The
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Figure 4.2: Concentration profiles for two species A and B in a problem involving dissolution
of a mineral AB(s) under conditions of kinetics.
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simulation results for both analytical solution and numerical solution is given in Figure 4.4.
It is indicated that the results from analytical method and numerical method match well.
Table 4.3: Initial parameters for verification of the fully coupled THMC model.
Parameter Value
Formation length 1000 m
Grid number 50
Porosity 0.30
Specific heat of rock 1000 J/kg·K
Rock density 2000 kg/m3
Heat conductivity 2.5 W/m·K
Simulation time 50 years
Heat flux 1000 J/s
Initial temperature 15 ◦C
Figure 4.3: Sketch for the conceptual model for the constant heat injection into formation.
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Figure 4.4: Analytical and numerical solutions comparison for 1D radial heat conduction in
rock formation
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4.4 1D Consolidation in Porous Media
A 1-D consolidation problem is designed to verify the mean stress calculation against
the analytical solution (Jaeger et al. 2009). The 1-D problem is a porous permeable column
with uniaxial strain in the vertical direction. The column is subjected to a constant load on
the top initially, the fluid boundary pressure is set to zero after the load is imposed, and the
displacement occurs in vertical direction. After this the fluid is produced from the formation,
and the porous media is under drainage condition. The porous media starts to deform. The
analytical solutions for the pressure and displacement under drainage condition are given
below.
The equation for pressure at drainage period is given by:















where P (z, t) is pressure profile as a function of location and time (Pa), h is total column
height (m), k is permeability (m2), µ is fluid viscosity (Pa·s), and S is storage coefficient
(Pa−1).
The equation for displacement is given by:

















where M is Biot modulus (Pa) and defined as
1
φCt
, αP is Biot coefficient, σex is an external
load per unit area at the top column (Pa), G is shear modulus (Pa), and λ is lame constant.
To verify the calculation of mean stress in the THMC model, a numerical model is
conducted to compare with the analytical solution. The initial parameters for the analytical
and numerical solutions are listed in Table 4.4. The different between initial pressure and
bottom hole pressure was setup in the way that equivalent to pressure change due to the
top load. The productivity index of the producer is to keep a constant pressure boundary at
the top of reservoir. Figure 4.5 and Figure 4.5 show the analytical and numerical solutions’
85
comparison of pressure and vertical displacement for 1D consolidation problem. It is obvious
that the numerical results match well with the analytical solutions.
Table 4.4: Initial parameters for verification of the fully coupled THMC model.
Parameter Value
Number of grid 1000 × 1 × 1
Grid size 1 × 0.5 m × 0.5 m
Rock properties
Porosity 0.094
Fluid viscosity 4 × 10−4 Pa·s
Permeability 10−13 m2
Total compressibility 4.4 × 10−10 Pa−1
Rock mechanics properties
Biot coefficient 1.0
Young’s modulus 5.0 × 109 Pa
Poisson ratio 0.25
Initial condition
Initial pressure 2.466 × 106 Pa
Initial temperature 60 ◦C
Initial stress 1.71 × 106 Pa
Boundary condition
Well Index 2.0 × 10−10 m3/Pa·s
Bottom hole pressure 1 × 105 Pa
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Figure 4.5: Analytical and numerical solutions comparison for pressure profile of 1D consol-
idation problem
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APPLICATIONS IN CO2 GEO-SEQUESTRATION
In this chapter, both the sequential coupled THMC model and fully coupled model are
applied to simulate fluid transport, geomechanics and geochemistry in saline aquifers during
CO2 injection and sequestration periods. The geomechanical process affects the mean stress,
volumetric strain, rock permeability and porosity. In addition, the geochemical processes,
namely the geochemical reactions of rock minerals, gaseous CO2 and formation fluid, affect
the solubility of gaseous CO2, rock permeability and porosity. Nine simulation examples
are presented to simulate the THMC processes during CO2 injection and geo-sequestration
processes. The first three cases are THC models to test the validity of the chemical reaction
calculation by fully coupled THMC simulator: two batch reaction models and one 1D reactive
transport model. The successive three cases are THMC models to simulate THMC processes
during CO2 injection and sequestration periods by sequential coupled simulator: one 1D
THMC model with complex chemical reactions and geomechanics, one 2D THMC model
with complex chemical reactions and geomechanics, and one 2D layered model with complex
chemical reactions and geomechanics. The last three cases are THMC models to evaluate
the effects of CO2 dissolution, chemical equilibrium reactions and chemical kinetic reactions
on the THMC processes by fully coupled simulator.
5.1 Batch Reaction with Equilibrium Chemical Reactions
The objective of this example is to validate the equilibrium chemical reaction calculation
with the TOUGHREACT simulator. A simple batch reaction system (H2O-CO2-CaCO3-
NaCl) is proposed with the equilibrium geochemical reactions. Geochemical reactions are
fully taken into account by including the speciation in the aqueous phase and the CO2
dissolution into the aqueous phase.
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5.1.1 Model Description
This batch reactor only has single one grid cell with water and supercritical CO2 satu-
rated. Assuming that this no interactions between water and gas, water and mineral initially,
the chemical reaction starts after simulation. The batch reactor is under an initial pressure
of 2.0 × 107 Pa, and an initial temperature of 75◦C. The initial gas saturation is 0.5. The
initial porosity of rock is 0.3. The initial volume fraction of CaCO3(s) is 50 percent, and the
other 50 percent of the rock is treated as non-reactive mineral.
The chemical reaction system includes all the potential equilibrium chemical reactions
among the three phases (H2O-CO2-CaCO3-NaCl). It has twelve aqueous chemical reactions
in equilibrium, one gas dissolution and one calcite dissolution in equilibrium. Six chemical
species are selected as primary species (H2O, H
+, Ca2+, Na+, HCO−3 , Cl
−). All the equations
for the 14 geochemical reactions in this equilibrium system are listed below.
The twelve aqueous chemical equations, occurring in aqueous phase under equilibrium
state, are given by:
1. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
2. CO2–3 −−⇀↽− HCO–3−H+
3. OH– −−⇀↽− H2O−H+
4. CaCl+ −−⇀↽− Ca2+ + Cl–
5. CaCl2(aq) −−⇀↽− Ca2+ + 2 Cl–
6. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
7. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
8. CaOH+ −−⇀↽− Ca2+ + H2O−H+
9. NaCl(aq) −−⇀↽− Na+ + Cl–
10. NaCO–3 −−⇀↽− Na+−H+ + HCO–3
11. NaHCO3(aq) −−⇀↽− Na+ + HCO–3
12. NaOH −−⇀↽− −H+ + Na+ + H2O
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The calcite dissolution, occurring between solid and aqueous phases under equilibrium
state, is given by:
13. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
The gas dissolution, occurring between gaseous and aqueous phases under equilibrium
state, is given by:
14. CO2(g) −−⇀↽− HCO–3 + H+−H2O
The aqueous chemical reactions, calcite dissolution and gas dissolution are set in equi-
librium state in the batch reaction system. Two phases (aqueous and gaseous) are taken
into account, i.e., the gaseous phase contains CO2 and vaporized H2O; the aqueous phase
includes aqueous chemical species. These chemical reactions are controlled by the chemical
equilibrium constants, which can be calculated from the EQ3/6 database (Wolery 1992).
The initial concentrations of aqueous species are given in the first column of Table 5.1. The
mathematical derivation of this batch reaction model is given in Appendix G.
5.1.2 Result Discussion
The geochemical reaction system is in equilibrium, so the system reaches the equilibrium
condition when the CO2 gas contacts with the aqueous phase. The simulation result is given
in Table 5.1. It is indicated that the two chemical reactions of CO2 gas dissolution and calcite
dissolution dominate the batch reaction system. The concentrations of CO2(aq) and Ca
2+
have a significant increase due to the dissolutions of CO2 and calcite. It is indicated that
majority of the CO2 dissolved into aqueous phase become CO2(aq), and the calcite dissolution
releases Ca2+. The TOUGHREACT simulator is also used to simulate the same batch
reaction system; the validation with the TOUGHREACT simulator is shown in Table 5.1.
The maximum error is 5.25 percent of the dissolved concentration for CO2 gas. The error
is resulted from the gas property calculated by real gas law in the fully coupled simulator,
the activity coefficient is introduced to calibrate the solubility of supercritical CO2 solubility
in aqueous phase in current model. TOUGHREACT simulator uses the ideal gas law to
calculate the property of CO2 gas in the chemical reaction module.
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Table 5.1: Results comparison between fully coupled simulator and Toughreact
Species Initial data(mol/l) Fully-coupled (mol/l) Toughreact (mol/l) Errors (%)
H2O 1.000777701 1.031017331 1.031033599 0.001577854
H+ 3.086551864×10−5 2.4055743895×10−5 2.320015337×10−5 3.687865815
Ca2+ 4.480199727×10−3 3.7897236091×10−2 3.724830775×10−2 1.742168652
Na+ 0.900002495 0.89104278323 0.891138857 0.010781010
HCO−3 1.997463783×10−3 6.4692789596×10−2 6.338577944×10−2 2.061992718
Cl− 0.91063342 0.912581963 0.912466106 0.012697125
OH− 1.434349562×10−8 1.892240965×10−8 1.9503686368×10−8 2.980342807
CaCl+ 1.724770935×10−4 1.393001567×10−3 1.3709958965×10−3 1.605086527
CaCl2(aq) 5.920365310×10−5 4.642689752×10−4 4.5762974529×10−4 1.450786367
NaCl(aq) 8.929786726×10−2 8.604992977×10−2 8.6185575073×10−2 0.15738748
NaHCO3(aq) 4.299625245×10−4 1.336103042×10−2 1.3114010731×10−2 1.88363186
CaHCO+3 2.141691073×10−5 5.577979596×10−3 5.3798849686×10−3 3.682135008
CO2(aq) 4.313682112×10−2 1.032978014 0.98246004305 5.141987347
CO2−3 3.706358704×10−8 1.625055163×10−6 1.6483202384×10−6 1.411441489
CaCO3(aq) 2.193772781×10−8 7.349152087×10−6 7.3491650522×10−6 0.000176421
CaOH+ 2.770726632×10−10 2.960947889×10−9 3.0037454186×10−9 1.424805505
NaOH(aq) 3.695749549×10−9 4.712255947×10−9 4.8647524129×10−9 3.134722045
NaCO−3 3.145720198×10−9 1.297723419×10−7 1.3184608858×10−7 1.572854132
CaCO3(s) 0.0 4.1862475439×10−2 4.096034049×10−2 2.202459596
CO2(g)
1 0.0 1.0623616063 1.009385089 5.248395074
PCO2(g)
2 197.7152456 177.226201 168.4964335 5.180980581
1CO2 concentration means dissolution concentration of gaseous CO2 into aqueous phase.
2PCO2 is the partial pressure of gaseous CO2, bar.
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5.2 Batch Reaction with Equilibrium and Kinetic Chemical Reactions
The objective of ths complex batch reaction model is to test the capability of the fully
coupled model, and quantitatively evaluate the geochemical interactions of supercritical CO2
gas, water and rock minerals. It includes equilibrium and kinetic chemical reactions. The
descriptions of this batch reaction systems are given below.
5.2.1 Model Description
This batch reactor only has single one grid cell with water and supercritical CO2 satu-
rated. The initial parameters for this model are the same with the model in Section 5.1,
except for the rock mineral compositions. The initial mineral abundances used in the current
batch reaction system are selected from the geochemical modeling study by Xu et al. (2004a)
and geochemical reaction modeling example in TOUGHREACT Manual (Xu et al. 2004c).
The mineralogy used in this complex batch reaction system is similar to that commonly
encountered in sedimentary basins. The initial volume fractions of rock minerals and the
distributions of the original minerals are shown in Figure 5.1. The initial total concentra-
tions of the primary chemical species are given in Table 5.2. Among the minerals, calcite is
assumed to under equilibrium condition becasue the fast reaction rate of calcite dissolution.
Dissolution and precipitation of other minerals are under kinetic conditions. The parameters
related to chemical reaction rate are listed in Table 5.3.
In the batch reaction system, there are four kinds of geochemical reactions, i.e., aque-
ous equilibrium reactions, kinetic mineral dissolution and precipitation, gas dissolution, and
equilibrium mineral dissolution. Twelve chemical species are selected as primary species
(H2O, H
+, Ca2+, Na+, HCO−3 , Cl




2 ). Thirty one
aqueous equilibrium chemical reactions form thirty one secondary aqueous chemical species,
which can be represented by the primary chemical species selected. Thirteen chemical re-
actions for kinetic mineral dissolution and precipitation are controlled by kinetic reaction
rates. One chemical reaction for equilibrium mineral dissolution. One chemical reaction for
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equilibrium gas dissolution. All the chemical reaction equations are listed below.
The chemical reaction equations of secondary species are as follows:
1. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
2. CO2–3 −−⇀↽− HCO–3−H+
3. OH– −−⇀↽− H2O−H+
4. H3SiO
–
4(aq) −−⇀↽− SiO2(aq) + 2 H2O−H+
5. Al3+ −−⇀↽− 4 H+ + AlO–2−2 H2O
6. HAlO2(aq) −−⇀↽− H+ + AlO–2
7. Al(OH)2+ −−⇀↽− 3 H+ + AlO–2−H2O
8. Al(OH)+2 −−⇀↽− 2 H
+ + AlO–2
9. Al(OH)3(aq) −−⇀↽− H
+ + AlO–2 + H2O
10. CaCl+ −−⇀↽− Ca2+ + Cl–
11. CaCl2(aq) −−⇀↽− Ca2+ + 2 Cl–
12. CaSO4(aq) −−⇀↽− Ca2+ + SO2–4
13. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
14. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
15. CaOH+ −−⇀↽− Ca2+ + H2O−H+
16. NaCl(aq) −−⇀↽− Na+ + Cl–
17. NaCO–3 −−⇀↽− Na+−H+ + HCO–3
18. NaHCO3(aq) −−⇀↽− Na+ + HCO–3
19. NaOH(aq) −−⇀↽− −H+ + Na+ + H2O
20. NaSO–4(aq) −−⇀↽− Na+ + SO2–4
21. NaHSiO3(aq) −−⇀↽− Na+ + SiO2(aq) + H2O−H+
22. NaAlO2(aq) −−⇀↽− Na+ + AlO–2
23. FeCl+ −−⇀↽− Fe2+ + Cl–
24. FeHCO+3 −−⇀↽− Fe2+ + HCO–3
25. FeCO3(aq) −−⇀↽− Fe2+ + HCO–3−H+
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26. FeCl2–4 −−⇀↽− Fe2+ + 4 Cl–
27. MgHCO+3 −−⇀↽− Mg2+ + HCO–3
28. MgCl+ −−⇀↽− Mg2+ + Cl–
29. MgSO4(aq) −−⇀↽− Mg2+ + SO2–4
30. KCl(aq) −−⇀↽− K+ + Cl–
31. KSO4(aq) −−⇀↽− K+ + SO2–4
The chemical reaction equations of rock minerals dissolution and precipitation are as
follows:
32. Kaolinite −→ 2 H+ + 2 SiO2(aq) + H2O + 2 AlO–2
33. Illite −→ 1 · 2 H+ + 0 · 25 Mg2+ + 0 · 6 K+ + 3 · 5 SiO2(aq) + 0 · 4 H2O + 2 · 3 AlO–2
34. Oligoclase −→ 4 Na+ + Ca2+ + 14 SiO2(aq) + 6 AlO–2
35. K−feldspar −→ 3 SiO2(aq) + AlO–2 + K+
36. Smectite−Na −→ 0 · 52 Na+ + 0 · 96 H+ + 0 · 26 Mg2+ + 0 · 29 K+ + 3 · 97 SiO2(aq) +
1 · 7 AlO–2
37. Chlorite −→ −8 H+ + 2 · 5 Mg2+ + 2 · 5 Fe2+ + 3 SiO2(aq) + 2 AlO–2 + 8 H2O
38. Quartz −→ SiO2(aq)
The chemical reaction equations of potential precipitated minerals are as follows:
39. Magnesite −→ −H+ + HCO–3 + Mg2+
40. Dolomite −→ −2H+ + 2 HCO–3 + Mg2+ + Ca2+
41. Albite−low −→ Na+ + 3 SiO2(aq) + AlO–2
42. Siderite −→ −H+ + HCO–3 + Fe2+
43. Ankerite −→ −2H+ + 2 HCO–3 + 0 · 7 Fe2+ + Ca2+ + 0 · 3 Mg2+
44. Dawsonite −→ H+ + HCO–3 + Na+ + AlO–2
45. Smectite−Ca −→ 0 · 52 H2O + 0 · 145 Ca2+ + 0 · 96 H+ + 0 · 26 Mg2+ + 3 · 97 SiO2(aq) +
1 · 77 AlO–2
The chemical reaction equation of CO2 dissolution is as follows:
46. CO2(g) −−⇀↽− HCO–3 + H+−H2O
95
The chemical reaction equation of equilibrium mineral dissolution is as follows:
47. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
5.2.2 Result Discussion
From the simulation results, all of the CO2 gas are dissolved into aqueous phase after
3,680 years. During the dissolution of the acid CO2 gas, the pH value continues to buffer
from 4.6 to 7.6, which is shown in Figure 5.2. Majority of the calcite are dissolved into
aqueous phase, which is shown in Figure 5.3. Among the original mineral compositions, both
oligoclase and chlorite have about 50 percent volume fraction decrease. The dissolutions of
oligoclase and chlorite release Fe2+, Mg2+, SiO2(aq), and AlO
−
2 . The iron ions combine
with bicarbonate radicals and aqueous silica to precipitate carbonate and silicate minerals.
Na-smectite and illite have slight precipitations, which is shown in Figure 5.4. For the
newly precipitated minerals, as shown in Figure 5.5, ankerite and albite-low precipitate into
rock minerals significantly due to CO2 injection and dissolution of alumino-silicate minerals.
Minor smectite-Ca and dawsonite precipitation occurs. No dolomite precipitation is observed
in the simulation. The re-distribution of volume fractions for the rock minerals after 3,680
years’ reaction with CO2 is shown in Figure 5.6. Approximately 30 percent of the rock
composition are newly precipitated minerals due to chemical reactions.
Table 5.2: Initial total concentrations for primary chemical species













Table 5.3: Kinetic parameters for mineral dissolution and precipitation (Xu et al., 2004c)
Mineral
A Parameters for kinetic rate law
(cm2/g) Neutral mechanism Acid mechanism Base mechanism
K25 (mol/m
2·s) Ea (KJ/mol) K25 Ea n(H+) K25 Ea n(H+)
Quartz 9.8 1.023×10−14 87.7
Kaolinite 151.6 6.918×10−14 22.2 4.898×10−12 65.9 0.777 8.913×10−18 17.9 -0.472
Calcite 9.8 1.549×10−6 23.5 5.012×10−1 14.4 1.0
Illite 151.6 1.660×10−13 35.0 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Oligoclase 9.8 1.445×10−12 69.8 2.138×10−10 65 0.457
K-feldspar 9.8 2.890×10−13 38.0 8.710×10−11 51.7 0.5 6.310×10−12 94.1 -0.823
Na-smectite 151.6 1.660×10−13 35.0 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
Chlorite 9.8 2.020×10−13 88.0 7.762×10−12 88 0.5
Magnesite 9.8 4.571×10−10 22.5 4.169×10−7 14.4 1.0
Dolomite 9.8 2.951×10−8 52.2 6.457×10−4 36.1 0.5
Low-albite 9.8 2.754×10−13 69.8 6.918×10−11 65.0 0.457 2.512×10−16 71 -0.572
Siderite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Ankerite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Dawsonite 9.8 1.260×10−9 62.76 6.457×10−4 36.1 0.5
Ca-smectite 151.6 1.660×10−13 35.0 1.047×10−11 22.6 0.34 2.020×10−17 58.9 -0.4
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calcite             2.724%
quartz             57.88%
kaolinite         2.015%
illite                 0.954% 
oligoclase       19.795%
k-feldspar       8.179%
smectite-Na   3.897%
chlorite           4.556%
Figure 5.1: The original rock mineral compositions
5.3 Chemical Equilibrium in 1D Geochemical System
The objective of this example is to show the implementation difference between the fully
coupled simulator and the TOUGHREACT simulator (Xu et al. 2004c). A 1D reactive so-
lute transport model under local chemical equilibrium is presented to verify the simulation
results against the TOUGHREACT simulator. The fluid flow, solute transport and chem-
ical reaction during CO2 sequestration are simulated in the fully coupled numerical model
simultaneously.
5.3.1 Model Description
Assuming that there is CO2 gas saturated initially in the model (Sg=0.2), and there is
no chemical reaction in the system at the initial condition, the geochemical equilibrium is
reached simultaneously after CO2 injection. The hydrogeological parameters for this model
are in Table 5.4. The initial volume fraction of CaCO3(s) is 50 percent, and the other 50
percent of the rock is treated as non-reactive mineral. The initial total concentrations of the
primary chemical species are given in Table 5.5.
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Figure 5.2: The evolution of pH value during CO2 squestration
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Figure 5.3: The volume fraction change of CaCO3(s) in the rock matrix
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Figure 5.4: The volume fraction change of rock minerals in the rock matrix
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Figure 5.5: The volume fraction change of precipitated minerals in the rock matrix
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calcite             0.194%
quartz             58.21%
kaolinite         1.963%
illite                 1.879% 
oligoclase       8.295%
k-feldspar       7.745%
smectite-Na   8.871%







Figure 5.6: The rock mineral compositions after reaction with CO2
The geochemical system is a simple equilibrium system (H2O(l)-CO2(g)-CaCO3(s)), in-
cluding the equilibrium geochemical reactions among three phases. Geochemical reactions
are taken into account by including speciation in the aqueous phase, CO2 dissolution and
Calcite dissolution into the aqueous phase. The mathematical derivation of the reactive so-
lute transport model for the geochemical system is given in Appendix H. All of the potential
chemical reactions involved in this geochemical system are set to be equilibrium. The system
includes six equilibrium chemical reactions for secondary aqueous complex, one for calcite
dissolution, and one for CO2 dissolution. The eight chemical reaction equations are given
below.
The twelve aqueous chemical equations, occurring in aqueous phase under equilibrium
state, are given by:
1. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
2. CO2–3 −−⇀↽− HCO–3−H+
3. OH– −−⇀↽− H2O−H+
4. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
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5. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
6. CaOH+ −−⇀↽− Ca2+ + H2O−H+
The calcite dissolution, occurring between solid and aqueous phases under equilibrium
state, is given by:
7. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
The gas dissolution, occurring between gaseous and aqueous phases under equilibrium
state, is given by:
8. CO2(g) −−⇀↽− HCO–3 + H+−H2O
5.3.2 Result Discussion
In order to validate the fluid flow, the model is run four times by TOUGH CSM (Win-
terfeld & Wu 2012), TOUGHREACT (Xu et al. 2004c), the fully couples simulator, and the
fully coupled simulator without geochemical reaction. Figure 5.7 and Figure 5.8 show the gas
pressure profiles and saturation profiles after 1 years injection of CO2 gas. In Figure 5.8, the
saturation profiles are very close for TOUGH CSM, TOUGHREACT, and the fully coupled
simulator without geochemical reaction. In the TOUGHREACT simulator, the fluid flow,
solute transport and geochemistry is treated in three separate systems, and the fluid flow
part has no interaction with the other two parts. However, the saturation profile obtained
by the fully coupled simulator is lower than the other simulations. The problem is the treat-
ment of CO2 dissolution. In TOUGH CSM and TOUGHREACT, the dissolution of CO2
gas in aqueous phase is calculated by phase behavior, but in the fully coupled simulator, it
is treated as a geochemical reaction involving the mass loss of CO2 gas. The model becomes
equilibrated by geochemical reactions instantly at the beginning of CO2 injection, and the
gas saturation becomes lower because of the dissolution reactions, which is shown by the
green line in Figure 5.7.
In Figure 5.7, it is indicated that the gas pressure profiles obtained by TOUGH CSM,
TOUGHREACT, and the fully coupled simulator without geochemical reaction are close to
each other. The pressure obtained by the fully coupled simulator is much lower than the
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others. The fully coupled procedure in the fully coupled simulator tracks the changes of
gas pressure and related fluid flow due to the dissolution of gaseous reactants. However,
the assumption is that chemical reactions and accompanying changes in partial pressures do
not affect overall gas and liquid flow in TOUGHREACT (Xu & Pruess 2001). This might
be a good approximation under some circumstances, but for the supercritical CO2 geo-
sequestration, this might not reflect the real condition when the fluid flow interacting with
geochemical reactions. Figure 5.9 shows the gas partial pressure evolution in the injection
grid cell during 1 years CO2 injection by the TOUGHREACT simulator and the fully coupled
simulator, and the CO2 gas partial pressure obtained by the fully coupled simulator is much
lower than that obtained by the TOUGHREACT simulator. As we know, the CO2 partial
pressure is proportional to the quantity of CO2 dissolved into aqueous phase. The partial
pressure of CO2 gas dominates the geochemical reaction path of the whole system. The
CO2 dissolution decreases the partial pressure, which is quantitatively simulated by the fully
coupled simulator. Figure 5.10 - Figure 5.14 show the pH value, the accumulative CaCO3(s)
dissolved concentration, and the accumulative CO2(g) dissolved concentration after 1 years
CO2 injection. The larger partial pressure results in a lower pH value, higher dissolved
concentrations of CaCO3(s) and CO2(gas) simulated by the TOUGHREACT simulator.




Formation thickness 100 m
Formation length 500 m
Porosity 0.30
Temperature 75 ◦C
Initial pressure 2×107 Pa
CO2 injection rate 5 kg/s
Injection time 1 year
Original CO2 saturation 0.2





Liquid van Genuchten Function (1980)
Gas Corey Function (1954)
Capillary pressure
Capillary pressure van Genuchten function (1980)
Table 5.5: Initial total concentrations for primary chemical species
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Figure 5.7: CO2(g) pressure profiles after 1 year’s injection simulated by different simulator.
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Figure 5.8: CO2(g) saturation profiles after 1 year’s injection simulated by different simulator.
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Figure 5.9: CO2(g) partial pressure evolution profiles at the CO2(g) injection point.
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Figure 5.10: pH value profiles simulated by the fully coupled simulator and the TOUGHRE-
ACT simulator.
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Figure 5.11: Dissolved concentration of CaCO3(s) by the fully coupled simulator and the
TOUGHREACT simulator.
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Figure 5.12: Dissolved concentration of CO2(g) by the fully coupled simulator and the
TOUGHREACT simulator.
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Figure 5.13: Total concentration of HCO−3 by the fully coupled simulator and the
TOUGHREACT simulator.
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Figure 5.14: Total concentration of Ca2+ by the fully coupled simulator and the TOUGHRE-
ACT simulator.
5.4 Complex Chemical Reactions and Geomechanics in 1D Radial System
In this example problem, a 1D THMC model is simulated by the sequentially coupled
simulator. The objective of this example problem is to capture the geomechanical effects
during CO2 injection and geochemical effects during long term sequestration period. It aims
to evaluate the stability problems during CO2 injection period by the simulation results, and
the impacts of mineralogical compositions on different trapping mechanisms and efficacy of
mineral trapping CO2 in saline aquifer. The model is run by four scenarios to quantitatively
analyze the effects of oligoclase presence in the chemical system. The model details and
result discussions are given below.
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5.4.1 Model Description
The conceptual model is a 1D radial system with a thickness of 100 m and a radius of
10,000 m, and it is located at depths between 2,000 m and 2,100 m from the ground surface.
It is assumed to be sealed by upper cap-rock and lower bed-rock. A CO2 injection well
is located at the left side of the radial system. The model is then discretized into 50 grid
blocks in logarithmic distribution in the radial direction. The sandstone aquifer is assumed
to be initially homogenous and isotropic. The hydro-geological properties of the sandstone
aquifer are listed in Table 5.6. The initial condition of the temperature is set equal to 60
◦C. The initial mineral abundances used in the current THMC model, are selected from the
geochemical reaction modeling example (fifth example) in the Manual of TOUGHREACT
simulator (Xu et al. 2004c). Among the minerals, calcite is assumed to be under equilibrium
condition. Dissolution and precipitation of other minerals are under kinetic conditions. The
parameters related to kinetic chemical reaction rates are listed in Table 5.3 of Section 5.2.
The initial concentrations of primary chemical species in aquifer water are simulated under
equilibrium states for the four different cases of the mineral compositions related to the
volume fraction of oligoclase in the numerical model. The distribution of the rock minerals
in four different cases are shown in Table 5.8. The initial concentrations of primary chemical
species are given in Table 5.7. For the boundary conditions, no-flow boundaries are assumed
due to the impermeable seal layers along the top and bottom of this conceptual model.
No-flow boundary conditions are assumed due to the radial symmetry of the CO2 injection
point at the left boundary. For the boundary condition at the right of the conceptual model,
two cases are designed to investigate whether the boundary has a significant effect on the
simulation results. The base case is that constant pressure and mean stress are assumed
at the right boundary. The second case is that an infinite radius is assumed at the right
boundary of the conceptual model.
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5.4.2 Hydrological and Mechanical Effects: Structural Trapping
The distribution profiles of the CO2 pressure and CO2 saturation in the aquifer for the
base case are illustrated in Figure 5.15. After 10 years’ CO2 injection, the gaseous CO2
accumulates around the injection area, which forms a free gaseous CO2 area, a two-phase
CO2 and water area, and a single phase water area. These three areas can be seen obviously
from the pressure and saturation profiles. The pressure and saturation profiles have different
tendency in the three areas. The CO2 pressure in the entire sandstone aquifer continues
to increase during 10 years CO2 injection, with higher pressure at the left hand side of the
aquifer and lower pressure at the right hand side of the aquifer, which is shown in Figure 5.15
(e). Figure 5.15 (a), Figure 5.15 (b) and Figure 5.15 (c) provide the detailed view of the
pressure profile at 10 years CO2 injection. Single phase of CO2 gas accumulates within
70 m’s area of saline aquifer, this area is in dry-out condition, the saline water evaporates
into free gas phase because of CO2 suddenly feeding in this area, CO2 gas saturation equals
to 1 (Figure 5.15 (d)). The pressure profile tends to be flat in this single CO2 phase area
(Figure 5.15 (a)). Two phase mixture of CO2 gas and aquifer water exists in the area between
70 m and 1,250 m. The pressure profile in this area has a sharp tendency, and the pressure
difference between the two ends is 3.0×106 Pa (Figure 5.15 (b)). The saturation profile in
this area gradually decrease from 1.0 to 0.0 (Figure 5.15 (a)). Because of the coexisting of
water and CO2 free gas, the stability problems (convective mixing, geo-chemical reaction,
geo-mechanical effects, etc.) involving in CO2 sequestration are likely to occur in this area.
Single phase of saline water is within the area between 1,250 m to 10,000 m, aquifer water
is fully saturated in area (Figure 5.15 (d)), and the pressure profile is not as sharp as that
of two phase area (Figure 5.15 (c)), the pressure difference between the two ends is 1.5×106
Pa.
The pressure profiles for CO2 injection after 30 days, 0.5 years, 3 years, 5 years and 10
years are shown in Figure 5.16. The pressure continues to build up in the two phase mixtures
areas, which moves laterally with CO2 injecting into saline aquifer. The pressure near the
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injection point continues to increase after 30 days and 0.5 years, then tends to decrease
with the pressure transporting to far area of the aquifer, and CO2 gas moving along the
radial coordinates after 3 years, 5 years and 10 years. In addition, It can be observed clearly
from the pressure profile distribution in logarithmic coordinate (Figure 5.17). The pressure
profiles in the two phase area have a sharp tendency compared with the single phase gas and
water areas, which can be easily captured by the semi-log plot (Figure 5.17).
For the change in geo-mechanical field, the mean stress is proportional to the pore pressure
in saline aquifer. Therefore, the mean stress profile has the same tendency with pressure
profile during 10 years’ CO2 injection (Figure 5.18). The mean stress continues to build
up within the area of two-phase mixtures. The maximum increase of mean stress is about
3.2×106 Pa. It happens at 0.5 year’s CO2 injection. The mean stress increases rapidly when
the front of two phase area moves laterally with CO2 injection. The volumetric strain is
related to the surface uplift of the formation. In this numerical model, the formation with
100 m depth of saline aquifer is extracted from the one which is located at 2,000 m below
surface as the CO2 sequestration target. The maximum volumetric strain is 0.0014 at 0.5
year’s CO2 injection (Figure 5.19). The volumetric strain reflects the volume change of
aquifer due to CO2 injection.
5.4.3 Equilibrium Chemical Reactions: Solubility Trapping
During the 10 years’ injection period, the two-fluid phase region, where the free phase
CO2 and groundwater coexist, initially expands laterally along movement of the free phase
CO2, and then decreases gradually (Figure 5.20). After 10 years’ CO2 injection, the area of
two phase mixture expands to the area of 1,250 m including the dry-out area by free phase
CO2. After CO2 injection is done, long term storage begins. The free phase CO2 is dissolved
continuously into saline water, and thus the CO2 saturation keep decreasing during this long
term storage period (Figure 5.21).
The dissolution of the free phase CO2 generates aqueous phase CO2, which is present in
and around the two phase area. During a long term storage period, the aqueous phase of
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CO2 is consumed due to the geochemical reaction between aquifer water and rock mineral,
especially for the dissolution of primary rock mineral and precipitation of the carbonate
minerals. The aqueous CO2 continues to be consumed in aqueous phase, and the free CO2
phase continues to feed into aqueous phase. Therefore, the CO2 gas saturation continues to
decrease in the area of two phase mixture, and there is some aqueous fluid flowing back to
the dry-out area due to the CO2 dissolution into the aqueous phase. The CO2 gas saturation
in the dry-out area keeps decreasing, which means that the dry-out areas are occupied again
by the two phase mixture (Figure 5.21). The aquifer water re-enters into the single phase
CO2 area, which results in the previous precipitated salt re-dissolving into the aquifer phase
(Figure 5.22 and Figure 5.23).
Dissolution of the free phase CO2 in aquifer water is caused by the geochemical reaction
between water and CO2. This chemical reaction is believed as the fastest reaction and always
set as equilibrium condition. It generates the aqueous chemical species of H+, H2CO3, HCO
−
3 ,
and CO2−3 , which acidizes the aqueous environment and decreases the pH value in the saline
aquifer. The formulation of this chemical reaction is as follows:
H2O + CO2 = H
+ + HCO–3
After the dissolution of free phase CO2, the two phase mixture area become acidized
region, where the pH is less than 7.0. Within long term storage period, the geochemical
reactions between the acidized aquifer water and the primary rock minerals can be activated
under the effect of H+. Majority of the dissolution of primary minerals and the precipitation
of secondary minerals due to CO2 injection occur in the acidized region. The acidized
region expands laterally with the expansion of the two phase mixture area. The extent
of the acidized region gradually expands with CO2 re-entering into the dry-out areas and
transporting into the single phase aquifer water area. The pH decreases rapidly to about
4.8 in the two phase region during the CO2 injection period of 10 years and then increases
gradually to about 5.8 in the two phase region until 1,000 years (Figure 5.24). After 10,000
years, the pH value increase to about 6 due to the consumption of H+ by dissolution and
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precipitation of rock minerals. The pH value of single phase aquifer water area increases
to about 10, there is no CO2 feeding into this area, the dissolution of primary rock mineral
keeps consuming the H+, so the area become alkalized.
5.4.4 Boundary Effect: Structural Trapping and Solubility Trapping
In the second case for boundary condition, an infinite radius is assigned at the right
boundary of the conceptual model. Figure 5.25 - Figure 5.30 show the pressure, mean stress,
volumetric strain and gas saturation for Case 2 under the assumption of an infinite radius
in the conceptual model. Among these figures, the tendencies for pressure, mean stress and
volumetric strain are similar with those in the base case, the values are a little different.
In the base case, the right boudary is set under constant pressure and mean stress. The
pressure and mean stress are kept constant during CO2 injection. In Case 2 with an infinite
boundary, the pressure, mean stress and volumetric strain are no longer constant at the
boundary of 10,000 m during CO2 injection. It is indicated that the pressure, mean stress
and volumetric strain at the right boundary continue to increase during CO2 injection in
Figure 5.25, Figure 5.27 and Figure 5.28. The logarithmic plot of pressure profile shows the
tendency in the three areas, the pressure profile in the two phase area is still steep compared
with another two areas in Figure 5.26. In addition, the profiles of CO2 gas saturation are
given in Figure 5.29 and Figure 5.30. It is indicated that the saturation profiles during
injection and storage periods are the same in both cases. Therefore, the boundary condition
doesn’t have a significant impact on the chemical reaction during storage period.
5.4.5 Kinetic Chemical Reactions: Mineral Trapping
There are nine primary rock minerals and eight secondary minerals present in this numer-
ical model. Majority of these rock minerals can be categorized into two groups: carbonate
minerals (i.e., calcite, magnesite, dolomite, siderite, ankerite, dawsonite, etc.) and silicate
minerals (i.e., quartz, K-feldspar, oligoclase, chlorite, illite, etc.). I only plot the profiles of
the rock minerals which volume fractions are bigger than 1 percent after 10,000 years seques-
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tration time. The volume fraction change profiles of the primary and secondary minerals
during 10,000 years are illustrated in Figure 5.31 - Figure 5.37.
Minor dissolution and precipitation of primary and secondary minerals: the alternations
of these minerals occur at the acidized region between 50 m and 1,600 m during the total
storage period of 10,000 years. Magnesite is precipitated as a carbonate mineral in the
maximum volume fraction change of 0.04 percent. Illite is precipitated as a silicate mineral
in the maximum volume fraction change of 1.00 percent. Kaolinite is dissolved as a silicate
mineral in the maximum volume fraction change of 0.40 percent. K-feldspar is dissolved
as a silicate mineral in the maximum volume fraction change of 0.50 percent. Hematite is
dissolved in the maximum volume fraction change of 0.0025 percent. Smectite-Ca, albite and
siderite are slightly precipitated along the acidized region. There is no evidence to indicate
the dissolution or precipitation of dolomite and pyrite.
Major dissolution and precipitation of primary and secondary minerals: Quartz is pre-
cipitated in the maximum extent of the acidized region during the total storage time period
of 10,000 years, and more precipitation occurs in the acidized region and near the moving
front of the free phase CO2 after 10,000 years. Quartz continues to precipitate into the min-
eral phase during 10,000 years’ storage time, and the maximum amount of volume fraction
increase is 3 percent (Figure 5.31). There are approximately 30 percent silicate minerals
(i.e., kaolinite, illite, oligoclase, k-feldspar, Na-smectite, chlorite) except quartz in the rock.
The dissolutions of these primary rock minerals release large amounts of SiO2 (aq), which
make the chemical species SiO2 (aq) supersaturated in the aquifer water, then precipitated
into the rock. Oligoclase are dissolved in the maximum extent of the acidized region during
the total storage period of 10,000 years, and more dissolution occurs in the acidized region
and near the moving front of the free phase CO2 after 10,000 years (Figure 5.32). The
maximum volume fraction decrease of oligoclase is about 13 percent, which releases large
amounts of chemical species (Ca2+, SiO2(aq), AlO
−
2 and Na
+). Chlorite is dissolved in the
acidized region, and the maximum volume fraction decrease of chlorite is about 3.2 percent
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(Figure 5.33). The dissolution of chlorite releases large amounts of chemical species (Fe2+,
Mg2+, SiO2(aq), and AlO
−
2 ). Smectite-Na is precipitated in the maximum extent of the
acidized region during the total storage period of 10,000 years (Figure 5.34). The maxi-
mum volume fraction increase of smectite-Na is 10 percent at the storage period of 8,000
years, after this smectite-Na begins to dissolve into aquifer water, and about 0.2 percent of
smectite-Na re-dissolves into aquifer water at 10,000 years.
The numerical simulation results indicate that, when oligoclase is present as a primary
mineral in the sandstone aquifer for the base case. Ca2+, SiO2(aq), AlO
−
2 and Na
+ are the es-
sential chemical components of the secondary silicate and carbonate minerals (i.e., ankerite,
smectite-Na, dawsonite and albite) for mineral trapping of injected CO2, are supplied by dis-
solution of oligoclase. In addition, a small amount of Ca2+, SiO2(aq) and AlO
−
2 is consumed
by precipitation of the other silicate minerals such as illite and Ca-smectite.
The volume fraction change profiles of the primary carbonate mineral (calcite) and the
secondary carbonate minerals (dawsonite and ankerite) in the sandstone aquifer for the base
case are shown by Figure 5.35 - Figure 5.37.
Calcite is dissolved in the acidized region and reach the maximum amounts near the
moving front of free phase CO2 till 3,000 years, and the maximum volume fraction decrease
is 1.15 percent, afterwards it is slightly precipitated till 10,000 years, and 0.15 percent of
calcite is precipitated into mineral phase (Figure 5.35). Dawsonite, as a stable secondary
carbonate minerals, continues to precipitate in the acidized region during the long term
storage period of 10,000 years. The maximum volume fraction increase of dawsonite is about
3.5 percent (Figure 5.36). Ankerite is precipitated in the acidic region and near moving front
of free phase CO2 after 10,000 years. The maximum volume fraction increase of ankerite
is about 3.5 percent at 8,000 years. Afterwards, the ankerite stops to precipitate into the
mineral phase, and there is no volume fraction change of ankerite from 8,000 years to 10,000
years (Figure 5.37). This may be resulted from insufficient amount of Ca2+ supplying in the
aquifer water, and calcite precipitation after 5,000 years consumes a large amount of Ca2+.
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In addition, dolomite is not precipitated during the total storage time period of 10,000 years
because it is geochemically more unstable than the other secondary carbonate minerals such
as dawsonite and ankerite.
The numerical simulation results indicate that, when oligoclase is present as a primary
mineral in the sandstone aquifer for the base case, mineral trapping of injected CO2 re-
sults from precipitation of the multiple secondary carbonate minerals such as ankerite and
dawsonite. Their overall volume fraction changes due to the precipitation are almost the
same. Thus, dawsonite and ankerite are the most dominant minerals for mineral trapping
of injected CO2. However, 50 percent of calcite is dissolved and releases chemical species of
Ca2+ and HCO−3 into aquifer water. It is indicated that calcite as a primary mineral has
an unfavorable effect on mineral trapping of supercritical CO2 although calcite is a most
common carbonate mineral, which can permanently trap CO2 as a mineral phase.
The amounts of CO2 permanently trapped into mineral phase (i.e., precipitation of the
primary and secondary carbonate minerals) in the sandstone aquifer for the base case are
shown in Figure 5.38. As time elapses, the mass of CO2 permanently trapped in mineral
phase increases continuously in the acidized area and reaches the maximum amounts near
the moving front of the free phase CO2 due to precipitation of the secondary silicate and
carbonate minerals, such as smectite-Na, ankerite, and dawsonite. The maximum value of
the mass of CO2 stored by mineral trapping for the base case is about 60 kg/m
3 rock after
10,000 years.
5.4.6 Permeability and Porosity Change by Mechanical and Chemical Effects
Figure 5.39 and Figure 5.40 show that the temporal change profiles of porosity and per-
meability during 10 years’ CO2 injection period and 10,000 years’ CO2 storage period. The
porosity and permeability tend to increases due to combination effects of the stress change
and chemical dissolution at the injection period. The pore pressure increase rapidly during
the injection period, and the mean stress and volumetric strain will increase accordingly.
The porosity change is proportional to the volumetric strain in the injection period, and
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the porosity increases with the mean stress increasing. In addition, the chemical dissolu-
tion at equilibrium dominates the chemical reaction process at the CO2 injection period,
especially the dissolution of calcite. The porosity increases gradually with the chemical
dissolution. Therefore, the porosity during CO2 injection period increases due to the com-
bined effects of chemical dissolution and mean stress. After the injection period, the kinetic
chemical reactions become activated, and the secondary minerals (i.e., dawsonite, ankerite,
and smectite-Na) begin to precipitate into the mineral phase in the reservoir. The porosity
decreases gradually with the mineral precipitation. The porosity decreases by 7.3 percent
and reaches 0.278 at the moving front of free phase CO2 after 10,000 years’ storage period
(Figure 5.39). According to the equation of permeability, the permeability is directly related
to the porosity. The minimum value of permeability at the moving front of free phase CO2 is
8.0 × 10−14 m2 after 10,000 years’ storage period. It decreases by 20 percent (Figure 5.40).
5.4.7 Contributions of the Three Trapping Mechanisms
Figure 5.41 indicates the temporal changes of the mass fraction of CO2 trapped by the
three mechanisms: structural trapping, solubility trapping and mineral trapping. The frac-
tion of structural trapping starts at 79.8 percent at the beginning of storage period, and
then decreases gradually to 25.1 percent after the chemical reaction become dominate with
time increasing. The fraction of solubility trapping starts at the maximum 19.6 percent at
the beginning of the storage time. The pressure rises up rapidly during the 10 years injec-
tion period, then the partial pressure of CO2 in the aqueous phase increases accordingly,
which drives more CO2 dissolve into the aqueous phase. When the injection stops, long term
storage period begins and pressure buildup releases rapidly. The total pressure reaches a
stable state with a relatively constant CO2 partial pressure, so the amount of CO2 dissolved
into the aqueous phase maintain at a relatively constant value of 11.8 percent. Finally, the
mineral trapping become dominant in the perspective of long term storage time, which is
shown in the red line of Figure 5.41. In particular, the fraction of mineral trapping increases
rapidly at the first 2,000 years’ storage period, and then it is increasing stably till 10,000
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years. At the beginning of the storage time, various chemical species (i.e., Fe2+, Mg2+, Ca2+,
etc.) release into the aqueous phase, the previous established chemical equilibrium state is
broke. Alternations of rock minerals become dominated after these chemical species become
supersaturated in the aqueous phase. A new stable state is achieved when the supply of aque-
ous CO2 is sufficient for kinetic reactions in the acidized area, then the fraction of mineral
trapping increases stably to 63.1 percent. Figure 5.42 shows the contribution of solubility
trapping and mineral trapping in a logarithmic scale during 10,000 years storage time. In the
previous literature, the researcher has presented a general sketch of the evolution of trapping
mechanisms over time (IPCC 2005). Figure 5.42 gives a quantitative view of the contribution
of the three mechanisms. The area under the red line represents the contribution of mineral
trapping, the middle area between the red and blue lines is the contribution of solubility
trapping, and the top area is the contribution of structural trapping. It is indicated that
the chemical reaction is the most dominated trapping mechanism in the long term storage
period.
5.4.8 Effects of Oligoclase Presence on Mineral Trapping
The temporal changes of the CO2 trapped by the three mechanisms for case 1 to 3
are shown in Figure 5.43 - Figure 5.48. The contribution of mineral trapping by chemical
reaction decreases to 50.05 percent due to the absence of oligoclase in Case 1 (Figure 5.43
and Figure 5.44). Because of insufficient of Na+, SiO2(aq), and AlO
−
2 releasing in to aqueous
phase at the late of storage period, the contribution of solubility trapping is stable at about
16.8 percent. The contribution of mineral trapping in Case 2 decreases to 59.5 percent when
the amount of oligoclase is reduced by 50 percent. The solubility trapping of Case 2 continues
to decrease to 14.6 percent because the aqueous CO2 continues to be consumed by the kinetic
chemical reaction at the presence of oligoclase (Figure 5.45 and Figure 5.46). In addition,
the volume fraction of oligoclase in Case 3 increases by 50 percent, the contribution of
mineral trapping increases to 69.6 percent compared with base case. The solubility trapping
decreases to 16.1 percent due to high reactivity with more presence of oligoclase in the
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chemical reaction system (Figure 5.47 and Figure 5.48). It is indicated from the simulation
results that the chemical reactions dominate the long term storage of CO2, and the rock
mineral compositions play an important role for trapping free phase CO2 in saline aquifer.
The volume fraction of oligoclase present in the rock has significant impact on the trapping
contribution of the three mechanisms.
Table 5.6: Initial parameters for the model in 1D radial model.
Hydrological parameters
Permeability 10−13 m2
Formation thickness 100 m
Porosity 0.30
Temperature 60 ◦C
Initial pressure 2×107 Pa
CO2 injection rate 90 kg/s
Relative permeability
Liquid van Genuchten Function (1980)
Gas Corey Function (1954)




Young’s modulus 5.0 ×109 Pa
Initial mean stress 4.71×107 Pa
Table 5.7: Initial total concentrations for primary chemical species














Table 5.8: Initial volume fractions of primary minerals in the model and potential secondary minerals.
Mineral Chemical equation Base case Case 1 Case 2 Case 3
Primary Mineral
Quartz SiO2 59.178 77.683 69.0755 49.2805
Kaolinite Al2Si2O5(OH)4 2.015 2.015 2.015 2.015
Calcite CaCO3 1.929 1.929 1.929 1.929
Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 0.954 0.954 0.954 0.954
Oligoclase CaNa4Al6Si14O40 19.795 0.000 9.8975 29.6925
K-feldspar KAlSi3O8 8.179 8.179 8.179 8.179
Smectite-Na Na0.29Mg0.26Al1.77Si3.97O10(OH)2 2.897 2.897 2.897 2.897
Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 4.556 4.556 4.556 4.556
Hematite Fe2O3 0.497 0.497 0.497 0.497
Secondary Mineral
Magnesite MgCO3 0.0 0.0 0.0 0.0
Dolomite CaMg(CO3)2 0.0 0.0 0.0 0.0
Low-albite NaAlSi3O8 0.0 0.0 0.0 0.0
Siderite FeCO3 0.0 0.0 0.0 0.0
Ankerite CaMg0.3Fe0.7(CO3)2 0.0 0.0 0.0 0.0
Dawsonite NaAlCO3(OH)2 0.0 0.0 0.0 0.0
Smectite-Ca Ca0.145Mg0.26Al1.77Si3.97O10(OH)2 0.0 0.0 0.0 0.0
Pyrite FeS2 0.0 0.0 0.0 0.0
100% 100% 100% 100%
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Figure 5.15: Pressure and Saturation profile after 10 years’ CO2 injection: (a) pressure
distribution profile in the 70 m area close to wellbore; (b) pressure distribution profile in
the area between 70 m to 1250 m; (c) pressure distribution profile in the area between 1250
m to 1000 m; (d) Saturation distribution profile in the entire reservoir after 10 years’ CO2
injection; (e) Pressure buildup profile in the entire reservoir after 10 years’ CO2 injection.
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Figure 5.16: Pressure evolution during 10 years’ CO2 injection
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Figure 5.17: Semi-log plot of pressure evolution during 10 years’ CO2 injection
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Figure 5.18: Mean stress profile after 10 years’ CO2 injection period
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Figure 5.19: Volumetric strain profile after 10 years’ CO2 injection period
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Figure 5.20: CO2(gas) saturation profile during 10 years’ CO2 injection
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Figure 5.21: CO2(gas) saturation profile during 10,000 years’ CO2 storage period
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Figure 5.22: Salt precipitation profile during 10 years’ CO2 injection period
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Figure 5.23: Salt precipitation profile during 1,000 years’ CO2 storage period
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Figure 5.24: pH evolution profile during 10,000 years’ CO2 storage period
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Figure 5.25: Pressure evolution during 10 years’ CO2 injection for Case 2 with infinite
boundary
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Figure 5.26: Semi-log plot of pressure evolution during 10 years’ CO2 injection for Case 2
with infinite boundary
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Figure 5.27: Mean stress profile after 10 years’ CO2 injection period for Case 2 with infinite
boundary
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Figure 5.28: Volumetric strain profile after 10 years’ CO2 injection period for Case 2 with
infinite boundary
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Figure 5.29: CO2(gas) saturation profile during 10 years’ CO2 injection for Case 2 with
infinite boundary
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Figure 5.30: CO2(gas) saturation profile during 10,000 years’ CO2 storage period for Case 2
with infinite boundary
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Figure 5.31: Volume fraction change of quartz during 10,000 years’ CO2 storage period
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Figure 5.32: Volume fraction change of oligoclase during 10,000 years’ CO2 storage period
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Figure 5.33: Volume fraction change of chlorite during 10,000 years’ CO2 storage period
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Figure 5.34: Volume fraction change of smectite-Na during 10,000 years’ CO2 storage period
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Figure 5.35: Volume fraction change of calcite during 10,000 years’ CO2 storage period
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Figure 5.36: Volume fraction change of dawsonite during 10,000 years’ CO2 storage period
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Figure 5.37: Volume fraction change of ankerite during 10,000 years’ CO2 storage period
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Figure 5.38: The amount of CO2(gas) sequestrated in rock mineral during 10,000 years’ CO2
storage period
5.5 Complex Chemical Reactions and Geomechanics in 2D System
In this example problem, a 2D THMC model is simulated by the sequentially coupled
simulator. The objectives of this example are to capture the geomechanical effects during
CO2 injection and geochemical effects during long term sequestration period, and analyze the
CO2 transport pathway in the 2D geological model and the chemical reaction pathway with
common encountered rock minerals in the system. The common minerological compositions
are selected in the geochemistry system. The model details and result discussions are given
below.
5.5.1 Model Description
The conceptual model is a 2D system with a thickness of 100 m and a radius of 10,000
m, and it is located below 1,000 m of the ground surface. It is assumed to be sealed by
upper caprock and lower bedrock. A CO2 injection well is located at the bottom on the
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Figure 5.39: Porosity evolution profile during 10,000 years’ CO2 storage period
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Figure 5.40: Permeability evolution profile during 10,000 years’ CO2 storage period
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Figure 5.41: Trapping contribution of CO2(gas) during 10,000 years’ CO2 storage period
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Figure 5.42: Trapping mechanism contribution profile for 10,000 years’ CO2 storage (in
logarithmic axis)
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Figure 5.43: Trapping contribution of CO2(gas) in Case 1 during 10,000 years’ CO2 storage
period
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Figure 5.44: Trapping mechanism contribution profile in Case 1 for 10,000 years’ CO2 storage
(in logarithmic axis)
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Figure 5.45: Trapping contribution of CO2(gas) in Case 2 during 10,000 years’ CO2 storage
period
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Figure 5.46: Trapping mechanism contribution profile in Case 2 for 10,000 years’ CO2 storage
(in logarithmic axis)
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Figure 5.47: Trapping contribution of CO2(gas) in Case 3 during 10,000 years’ CO2 storage
period
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Figure 5.48: Trapping mechanism contribution profile in Case 3 for 10,000 years’ CO2 storage
(in logarithmic axis)
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left hand side of the 2D system. Supercritical CO2 is injected into the bottom of the model
for 10 years. The vertical direction of the model is discretized into 20 grid blocks with
5 m’s interval, and horizontal direction is discretized into 150 grid blocks in logarithmic
distribution. The aquifer is assumed to be initially homogenous and isotropic. The hydro-
geological properties of the aquifer are listed in Table 5.9. The initial condition of the
temperature is set equal to 45 ◦C. The initial concentrations of primary chemical species in
aquifer water are simulated under equilibrium states. The distribution of the rock minerals
is given in Table 5.10. Among the minerals, calcite is set to be under local equilibrium.
Dissolution and precipitation of other minerals are under kinetic condition. The parameters
related to kinetic chemical reaction rate are listed in Table 5.3 of Section 5.2. The initial
concentrations for the primary chemical species are given in Table 5.11. For the boundary
conditions, no-flow boundaries are assumed due to the impermeable seal layers along the top
and bottom of this model. No-flow boundary conditions are assumed at the left boundary
where CO2 injection well is located. The constant boundary conditions of pressure and mean
stress are assumed to the right boundary of the 2D model.
5.5.2 Hydrological and Mechanical Effects: Structural Trapping
The distribution profiles of the CO2 pressure in the aquifer for the base case are illustrated
in Figure 5.15. The CO2 pressure in the entire aquifer tends to increase during 10 years’ CO2
injection, with higher pressure at the left bottom of the aquifer and lower pressure at the
right top of the aquifer, which is shown in Figure 5.49. The pressure continues to build up in
the two phase mixtures areas, which moves laterally with CO2 injecting into saline aquifer.
After 1 year’s CO2 injection, the pressure near the wellbore increases by 0.25× 107 Pa, which
is resulted from the formation of two phase area of CO2 (gas) and H2O (liquid) (Figure 5.49
(a)). With time increasing, the pressure starts to propagate into the far area of the aquifer,
and the pressure near the wellbore pressure starts to drop down after the formation of single
phase area of CO2 (gas). Figure 5.49 (b), Figure 5.49 (c) and Figure 5.49 (d) show that
the area with pressure increasing continues to enlarge beyond 6,000 m in horizontal distance
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after 10 years’ CO2 injection.
Figure 5.50 shows the spatial distribution of the volumetric strain caused by the stress
field change. The stress change has the same tendency with pressure during the 10 years’
CO2 injection in Figure 5.49. The volumetric strain directly determines the volume change
of the formation subjected to CO2 injection. The volume of simulation domain tends to
increase in this case. The maximum volumetric strain is 6×10−4, which occurs near the area
of wellbore on the left had side of the aquifer. With the time increasing, the area of volume
change tends to enlarge, which can be observed obviously in Figure 5.50 (a), Figure 5.50 (b),
Figure 5.50 (c) and Figure 5.50 (d).
Figure 5.51 shows the spatial distribution of CO2 gas saturation. After 10 years’ CO2
injection, the gaseous CO2 accumulates around the injection area, which forms a free gaseous
area (CO2(g)), a two-phase area (CO2 and saline water), and a single phase area (saline
water). These three areas can be seen obviously from the saturation profiles. Single phase of
CO2 gas accumulates around the wellbore within a smaller area of saline aquifer compared
with two phase area. The area of single phase CO2 gas has a length of 35 m along the
wellbore after 1 year’s injection (Figure 5.51 (a)), 45 m along the wellbore after 3 years’
injection (Figure 5.51 (b)), 45 m along the wellbore after 5 years’ injection (Figure 5.51
(c)), and a length of 55 m along the wellbore after 10 years’ injection (Figure 5.51 (d)).
In addition, the CO2 gas phase moves upward rapidly to the top of the aquifer because of
buoyancy effect of CO2 gas. After the free CO2 phase arrives at the top of the aquifer, it
tends to move laterally along the top boundary of the aquifer. The plume of CO2 gas starts
to form under the upper boundary of the aquifer. The plume of CO2 gas expands to the
location of 500 m in the horizontal distance after 1 year’s injection (Figure 5.51 (a)), 900
m after 3 years’ injection (Figure 5.51 (b)), 1,200 m after 5 years’ injection (Figure 5.51
(c)), and 1,800 m after 10 years’ injection (Figure 5.51 (b)). Because of the coexisting of
water and CO2 free gas, the stability problems (convective mixing, geo-chemical reactions,
geo-mechanical effects, etc.) involving in CO2 sequestration are likely to occur in this area.
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Single phase of saline water is under the plume of CO2 gas, and the aquifer water is fully
saturated in area (Figure 5.15 (d)).
5.5.3 Phase Equilibrium and Chemical Equilibrium: Solubility Trapping
The solubility trapping of CO2 gas is caused by the phase equilibrium and chemical
equilibrium between CO2 gas and saline water. In terms of phase equilibrium, the CO2 gas
phase is equilibrated with saline water, then CO2 gas exists in the aquifer water in the form
of CO2 (aq). This leads to CO2 gas being trapped into the saline aquifer. The dissolution
of the CO2 gas generates aqueous phase CO2, which is present in the plume and along the
edge of the plume. Figure 5.52 shows the spatial distribution of the mass fraction of aqueous
CO2 during the 10 years’ injection period. It forms a plume of aqueous CO2, which expands
laterally with free CO2 gas. The maximum horizontal distance of the plume is 500 m after
1 year’s injection (Figure 5.52 (a)), 900 m after 3 years’ injection (Figure 5.52 (b)), 1,200 m
after 5 years’ injection (Figure 5.52 (c)), and 1,800 m after 10 years’ injection (Figure 5.52
(b)). The mass fraction is about 0.04 in the two phase area. At the edge of the plume, the
mass fraction of aqueous CO2 decreases rapidly, which means the interface between aqueous
CO2 and pure saline water is very sharp. The convective mixing between CO2 and saline
water is very likely to occur.
During a long term storage period, the aqueous phase of CO2 is consumed by the geochem-
ical reaction between aquifer water and rock minerals, especially for dissolution/precipitation
of carbonate minerals. The aqueous CO2 continues to be consumed in aqueous phase, and
the CO2 gas continues to dissolve into aqueous phase. The CO2 gas saturation continues
to decrease in the area of two phase mixture, and there is some aqueous fluid flowing back
to the area of single phase CO2. The area near wellbore is occupied by two phase mixture.
Figure 5.53 shows the spatial distribution of CO2 gas saturation during 3,000 years’ storage
period. The plume of CO2 gas starts to shrink and some of CO2 gas continues to move
upwards at the same time (Figure 5.53 (a) and Figure 5.53 (b)). After 1,000 years, the
plume of CO2 gas is limited in the area of 100 m near the wellbore (Figure 5.53 (c)). The
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plume of CO2 gas almost disappears and only tiny mount of CO2 gas Figure 5.53 under the
top boundary of the saline aquifer(Figure 5.53 (d)).
In terms of chemical equilibrium, dissolution of the free phase CO2 in aquifer water
is caused by the geochemical reaction between water and CO2. This chemical reaction
is believed as the fastest reaction and always set as equilibrium condition. It generates
the aqueous chemical species of H+, H2CO3, HCO
−
3 , and CO
2−
3 . The chemical species H
+
acidizes the aqueous environment and decreases the pH value in the saline aquifer. After the
dissolution of free phase CO2, the two phase mixture area become acidized region, where
the pH is less than 7.0. Figure 5.54 shows the spatial distribution of pH value during the
10 years’ CO2 injection period. The pH value in the plume of CO2 gas is 4.8. The acidized
area by CO2 dissolution continues to spread during CO2 injection period.
Within long term storage period, the geochemical reactions between acidized aquifer
water and the primary rock minerals can be activated under the effects of H+. Dissolution
and precipitation of rock minerals occur in the acidized region. The acidized region gradually
expands with water re-entering into the area of single phase CO2. Because of the consumption
of H+, the pH value gradually increases with time increasing. Figure 5.55 shows the evolution
of pH value in the aquifer during 3,000 years’ CO2 storage period. The pH increases gradually
to about 6.5 in the two phase region until 1,000 years (Figure 5.55 (c)). After 3,000 years, the
pH value increases to about 8.0 due to the consumption of H+ by dissolution and precipitation
of rock minerals (Figure 5.55 (d)). The pH value of single phase area of aquifer water increases
to about 10, there is no CO2 feeding into this area, the dissolution of primary rock mineral
keeps consuming the H+, so the area become alkalized.
5.5.4 Mineral Dissolution and Precipitation: Mineral Trapping
There are ten primary rock minerals and six secondary minerals present in this numeri-
cal model. The formation type is sandstone, which is always composed of large amount of
quartz, small amount of carbonate minerals, plagioclase feldspar minerals and clay minerals,
and minor components. For the geochemical composition in this model, the most common
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minerals in the potential CO2 sequestration site from the literature are taken into account.
Calcite represents the carbonate minerals. Oligolcase and K-feldspar represent the plagio-
clase feldspar minerals. Clay minerals includes kaolin group (kaolinite), illite group (illite),
smectite group (smectite-Na and smectite-Ca) and chlorite group (chlorite). The volume
fraction of the mineral are evenly distributed in terms of the formation composition. The
volume fraction change profiles of the primary and secondary minerals during 3,000 years
are illustrated in Figure 5.56 - Figure 5.67.
Dissolution of primary minerals: the order of volume fraction decrease for rock min-
erals are chlorite, k-feldspar, oligoclase, and calcite. Chlorite is dissolved in the acidized
region(Figure 5.56). The dissolution of chlorite mainly occurs within 200 m area on the left
of the aquifer. The maximum volume fraction decrease of chlorite is 0.2 percent after 500
years (Figure 5.56 (a)), 0.4 percent after 1,000 years (Figure 5.56 (b)), 0.6 percent after 2,000
years (Figure 5.56 (c)), and 1.0 percent after 3,000 years (Figure 5.56 (d)). The dissolution
of chlorite releases large amounts of chemical species (Fe2+, Mg2+, SiO2(aq), and AlO
−
2 ).
K-feldspar are dissolved in the maximum extent of the acidized region during the total stor-
age period of 3,000 years, and more dissolution occurs in the acidized region and near the
wellbore area after 3,000 years (Figure 5.57). The maximum volume fraction decrease of
k-feldspar is 0.10 percent after 500 years (Figure 5.57 (a)), 0.25 percent after 1,000 years
(Figure 5.57 (b)), 0.40 percent after 2,000 years (Figure 5.57 (c)), and 0.70 percent after
3,000 years (Figure 5.57 (d)). The dissolution of k-feldspar releases large amounts of chemi-
cal species (SiO2(aq), AlO
−
2 and K
+). Oligoclase are dissolved in the maximum extent of the
acidized region during the total storage period of 3,000 years, and more dissolution occurs in
the acidized region and near the wellbore area after 3,000 years (Figure 5.58 ). The maximum
volume fraction decrease of oligoclase is 0.15 percent after 500 years (Figure 5.58 (a)), 0.20
percent after 1,000 years (Figure 5.58 (b)), 0.48 percent after 2,000 years (Figure 5.58 (c)),
and 0.65 percent after 3,000 years (Figure 5.58 (d)). The dissolution of oligoclase releases
large amounts of chemical species (Ca2+, SiO2(aq), AlO
−
2 and Na
+). Calcite is dissolved in
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the acidized region and reaches the maximum dissolution amounts near the wellbore area
till 3,000 years (Figure 5.59 ). The maximum volume fraction decrease of calcite is 0.10 per-
cent after 500 years (Figure 5.59 (a)), 0.20 percent after 1,000 years (Figure 5.59 (b)), 0.35
percent after 2,000 years (Figure 5.58 (c)), and 0.56 percent after 3,000 years (Figure 5.59
(d)). The dissolution of calcite releases large amounts of chemical species (Ca2+, HCO−3 and
H+).
Precipitation of primary minerals: the order of volume fraction increase for rock miner-
als are illite, quartz, smectite-Na, and smectite-Ca. Illite are precipitated in the maximum
extent of the acidized region during the total storage time period of 3,000 years, and more
precipitation occurs in the acidized region and near the wellbore area after 3,000 years (Fig-
ure 5.60). The dissolution of primary rock minerals releases large amount of K+, Mg2+,
SiO2(aq), and AlO
−
2 , which precipitate illite into the rock. It continues to precipitate into
the mineral phase during 3,000 years’ storage period, and the maximum amount of volume
fraction increase is 1.45 percent (Figure 5.60 (d)). Quartz is precipitated in the maximum
extent of the acidized region during the total storage time period of 3,000 years, and more
precipitation occurs in the acidized region and near the wellbore area after 3,000 years (Fig-
ure 5.61). The dissolution of primary rock minerals releases large amounts of SiO2(aq), which
make the chemical species SiO2(aq) supersaturated in the aquifer water, then precipitated
into the rock. Quartz continues to precipitate into the mineral phase during 3,000 years’
storage period, and the maximum amount of volume fraction increase is 0.325 percent (Fig-
ure 5.61 (d)). Smectite-Na and smectite-Ca represent the smectite group of clay minerals.
Both of them are precipitated in the maximum extent of the acidized region during the total
storage period of 3,000 years (Figure 5.62 and Figure 5.63). The maximum volume fraction
increase of smectite-Na is 0.26 percent at the storage period of 3,000 years (Figure 5.62 (d)),
and 0.015 percent for smectite-Ca (Figure 5.63 (d)).
Precipitation of secondary minerals: the order of volume fraction increase for secondary
minerals are ankerite, magnesite, albite and siderite. Majority of the potential secondary
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minerals are carbonate minerals except for albite. Ankerite is precipitated in the acidized
region and near wellbore after 3,000 years (Figure 5.64). The maximum volume fraction
increase of ankerite is about 1.1 percent at 3,000 years (Figure 5.64 (d)). This is resulted
from sufficient amount of Fe2+, Mg2+, SiO2(aq), and AlO
−
2 supplying in the aquifer water.
The dissolution of chlorite provides enough Fe2+ and Mg2+ to precipitate ankerite. In ad-
dition, Magnesite is precipitated in the acidized region and near wellbore after 3,000 years
(Figure 5.65). The maximum volume fraction increase of magnesite is about 0.12 percent at
3,000 years (Figure 5.65 (d)). This is resulted from sufficient amounts of Mg2+ and HCO−3
supplying in the aquifer water. The dissolution of CO2 gas provides enough HCO
−
3 to pre-
cipitate magnesite. Both albite and siderite are precipitated in the acidized region and near
the edge of the plume after 3,000 years (Figure 5.66 and Figure 5.67). The maximum volume
fraction increase of albite is 0.12 percent at the storage period of 3,000 years (Figure 5.66
(d)), and 0.04 percent for siderite (Figure 5.67 (d)).
It is indicated from the simulation results that, when chlorite and oligoclase is present as
a primary mineral in the sandstone aquifer, and they are evenly distributed in the formation
rock, the mineral trapping of injected CO2 is resulted from the precipitation of the multiple
secondary carbonate minerals such as ankerite and dawsonite. Their volume fraction changes
due to the precipitation are almost the same. Thus, dawsonite and ankerite are the most




Na+ are the essential chemical components of the secondary silicate and carbonate minerals
(i.e., ankerite, smectite-Na, dawsonite and albite) for the mineral trapping of supercritical
CO2, are supplied by dissolution of oligoclase and chlorite. In addition, a small amount of
Ca2+, SiO2(aq) and AlO
−
2 is consumed by precipitation of the other silicate minerals such
as illite and smectite-Ca.
5.5.5 Contributions of the Three Trapping Mechanisms
The amounts of CO2 permanently trapped into mineral phase (i.e., precipitation of the
primary minerals and secondary carbonate minerals) in the sandstone aquifer are shown
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in Figure 5.68. with time increasing, the mass of CO2 permanently trapped in mineral
phase increases continuously in the acidized area and reaches the maximum amounts near
wellbore area due to precipitation of the secondary silicate and carbonate minerals, such as
ankerite, dawsonite and illite. The maximum value of the mass of CO2 stored by mineral
trapping is about 9.0 kg/m3 after 3,000 years (Figure 5.68 (d)). The temporal changes of
the CO2 trapped by the three mechanisms are shown in Figure 5.69 and Figure 5.70. The
contribution of mineral trapping by chemical reaction increases from 0 percent at 0 year
to 41 percent after 3,000 years. The contribution of solubility trapping by chemical and
phase equilibrium decreases from 18 percent at 0 year to 15 percent after 3,000 years. The
contribution of structural trapping by caprock decreases significantly from 82 percent at 0
year to 44 percent after 3,000 years. It is obvious from Figure 5.70 that the mineral trapping
is activated after 100 years’ storage period and dominated the long term fate of CO2 gas
in the aquifer. With time increasing, the contributions of structural trapping and solubility
trapping decrease significantly.




Formation thickness 100 m
Porosity 0.30
Temperature 45 ◦C
Initial pressure 1×107 Pa
CO2 injection rate 20 kg/s
Relative permeability
Liquid van Genuchten Function (1980)
Gas Corey Function (1954)




Young’s modulus 5.0 ×109 Pa
Initial mean stress 2.45×107 Pa
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Table 5.10: Initial volume fractions of primary minerals in the model and potential secondary
minerals























Table 5.11: Initial total concentrations for primary chemical species
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Figure 5.49: Pressure profile during 10 years’ CO2 injection period: (a) 1 year; (b) 3 years;
(c) 5 years; and (d) 10 years.
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Figure 5.50: Volumetric strain profile during 10 years’ CO2 injection period: (a) 1 year; (b)3






Figure 5.51: CO2 saturation profile during 10 years’ injection period: (a) 1 year; (b) 3 years;
(c) 5 years; and (d) 10 years.
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Figure 5.52: CO2 mass fraction in aqueous phase during 10 years’ injection period: (a) 1






Figure 5.53: CO2 saturation profile during 3000 years’ storage period: (a) 50 year; (b) 100
years; (c) 1,000 years; and (d) 3,000 years.
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Figure 5.54: pH value profile during 10 years’ injection period: (a) 1 year; (b) 3 years; (c) 5
years; and (d) 10 years.
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Figure 5.55: pH value profile during 3,000 years’ storage period: (a) 50 year; (b) 100 years;
(c) 1,000 years; and (d) 3,000 years.
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Figure 5.56: The volume fraction change of chlorite during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.57: The volume fraction change of K-feldspar during 3,000 years’ storage period:
(a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.58: The volume fraction change of oligoclase during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.59: The volume fraction change of calcite during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.60: The volume fraction change of illite during 3,000 years’ storage period: (a) 500
year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.61: The volume fraction change of quartz during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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5.6 Chemical Reaction and Geomechanics in 2D Layered Formation
This conceptual model is based on the model presented by (Rutqvist & Tsang 2002
and Winterfeld & Wu 2012). The previous two models in the literature aim at describing
the THM process during the CO2 injection into a saline aquifer. The objectives of this
example problem are to describe the THMC process of CO2 injection in a large scale reservoir
with different properties in different domains, and quantitatively analyze the impacts of
heterogeneous domains on the CO2 transport, geomechanics and chemical reactions. The
setup for initial conditions in this conceptual model is different from those used in the
previous models. The model details and result discussions are given below.
5.6.1 Model Description
The dimension of the conceptual model is 70,000 m (x) × 1 m (y) × 3,000 m (z). Unlike
the previous THMC conceptual model, this model is not extracted from a deep saline aquifer.
The depth (3,000 m) is from the ground surface to the bottom of the bedrock formation. The
initial pore pressure profile, temperature profile and mean stress profile for this conceptual
model is based on the depth of the reservoir. The initial hydrostatic pore pressure is assigned
to the whole reservoir domain from the top (0 m) to the bottom (3,000 m). The initial pore
pressure at the ground surface is assumed to be ambient pressure (about 105 Pa), and a
higher pore pressure (about 3×107 Pa) is obtained at the bottom of the reservoir (3,000
m) is obtained based on the hydrostatic equilibrium calculation. The initial temperature
calculation is based on the temperature gradient of 25 ◦C/1,000 m. It is set to be ambient
temperature (about 10 ◦C) at the surface of the reservoir (0 m) and higher temperature
(about 85 ◦C) at the bottom of the reservoir (3,000 m). In addition, the initial mean stress
profile for the whole simulation domain is calculated by a built-in subroutine, based on the
lithostatic equilibrium condition. The initial mean stress is set to be 1×105 Pa at the surface
of the reservoir (0 m) and 5×107 Pa at the bottom of the reservoir (3,000 m).
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Figure 5.62: The volume fraction change of smectite-Na during 3,000 years’ storage period:
(a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.63: The volume fraction change of smectite-Ca during 3,000 years’ storage period:
(a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.64: The volume fraction change of ankerite during 3,,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.65: The volume fraction change of magnesite during 3,000 years’ storage period:
(a) 500 year; (b)1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.66: The volume fraction change of albite during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.67: The volume fraction change of siderite during 3,000 years’ storage period: (a)
500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.68: The amount of CO2 sequestrated in rock mineral during 3,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 2,000 years; and (d) 3,000 years.
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Figure 5.69: Trapping contribution of CO2(gas) during 3,000 years’ CO2 storage period
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Figure 5.70: Trapping contribution of CO2(gas) during 3,000 years’ CO2 storage period
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The grid cell number is 201 × 1 × 100 in x, y, z directions respectively, and the detailed
subdivision of the grid cells in the three directions is given in Table 5.12. The horizontal dis-
tance in the x direction is 70,000 m. The four boundaries are set to be closed boundaries for
the pressure and stress fields. The whole conceptual model is an isothermal domain through-
out the simulation times, which means that the thermal gradient is kept as the original one.
For this conceptual model of the THMC processes during supercritical CO2 injection into
the center at the saline aquifer domain, two cases are designed for the simulation: the first
one is with four different rock domains and without a fault above the target saline aquifer,
and the second one is with five different rock domains and with a fault apparent above the
target saline aquifer.
The vertical section profiles of the two cases are shown in Figure 5.71 and Figure 5.72.
For the first case, there are four different domains with different rock properties, including
upper caprock, middle caprock, target saline aquifer, and lower bedrock in Figure 5.71. The
depths of the four domains are 1,200 m, 100 m, 200 m, and 1,500 m, respectively. The upper
caprock which is near the ground surface has a relatively higher permeability of 0.3×10−15
m2. The middle caprock and lower bedrock have the same hydrological parameters with a
lower original permeability of 0.3×10−17 m2 and lower original porosity of 0.0094 to seal the
potential saline aquifer for CO2 storage. The target saline aquifer, which is located at the
middle of the conceptual model, has a larger permeability of 0.3×10−13 m2 (30 mD) and a
larger porosity of 0.094. This can result in a large pore volume to storage large amount of
supercritical CO2 gas in the saline aquifer. The CO2 injection well is located at the point
(33,520 m, 1,495 m), which is at the center of the conceptual model and at the bottom of the
target saline aquifer. The initial temperature, pressure and mean stress at the injection point
are 47.38 ◦C, 1.4765 × 107 Pa, and 2.40 × 107 Pa, respectively. The injection well is located
the area which can keep CO2 gas in a supercritical condition. The effective mean stress is
0.9235 × 107 Pa. For the second case, there are five different domains with five different
rock properties, including upper caprock, middle caprock, fault, target saline aquifer, and
174
lower bedrock in Figure 5.72. The fault is introduced by a stress weakness zone as domain 5
in Figure 5.72, which is created into the middle caprock in the form of a vertical fault zone.
This fault is located between (33,580 m, 1,205 m) and (33,580 m, 1,295 m) with a horizontal
width of 100 m and vertical length of 100 m. The potential fault is initially assumed to have
the same permeability with the surrounding middle caprock, and it is set to be more porous
with a larger porosity of 0.05 than the surrounding caprock and has more sensitive porosity-
stress relationship and permeability-stress relationship. The hydrological and stress-related
parameters for each domain are listed in Table 5.13.
Supercritical CO2 is injected at a constant rate of 0.05 kg/s. The supercritical CO2 is
keeping injected for 30 years in the both cases of the conceptual model. The aquifer pressure
will increase significantly with time increasing, under such an injection rate. In the previous
study (Rutqvist & Tsang 2002), the supercritical CO2 continues to be injected into the target
saline aquifer till the pore pressure becomes bigger than the lithostatic stress of the target
saline aquifer after about 10 years’ injection. It intends to study hydromechanical behavior
when there is a risk for triggering fracturing due to CO2 injection. In the study, it intends
to study not only the geomechanical behavior due to supercritical CO2 injection for a short
period, but also the geochemical behavior due to CO2 storage for a long term. Therefore,
the horizontal length of the conceptual model provides the supercritical CO2 enough space
to spread into the target aquifer due to 30 years’ injection without the potential to induce a
fracture.
The isotropic hydromechanical rock properties are represented by a porosity-mean stress
and permeability-porosity relationships. The functions for porosity and permeability changes
are obtained by correlation with laboratory measurements on sandstone (Rutqvist & Tsang
2002). The scaling of the capillary pressure corresponds to a scaling of the van-Genuchtens
air-entry pressure from the values at zero stress to an initial in-situ air-entry pressure given
in Table 5.13.
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In the two cases designed for the conceptual model, there are four rock domains in the
first case with different values of porosity, permeability and stress-related parameters, and
there are five rock domains in the second case with different values of porosity, permeability
and stress-related parameters. Therefore, the heterogeneous simulation domains for geome-
chanical calculation are presented in the two cases of the conceptual model. Based on the
number of the equations to be solved in this conceptual model, and the potential conver-
gence problem may occur when additional geochemical heterogeneity for different domains
are taken into account in the conceptual model. it is assumed that the model is a homoge-
neous reservoir in terms of rock compositions, which means all the five domains have the same
rock mineral compositions. Furthermore, a generalized rock mineral composition is assigned
to all the simulation domains. The initial mineral abundances are shown in Table 5.14. The
rock minerals selected in this conceptual model is commonly encountered in the potential
saline aquifers at North America, such as Gulf Coast sediments, Paradox basin in Colorado
plateau. The specification of formation mineralogy for this conceptual mode is determined
by the availability of data in the previous literature. In addition, majority of the potential
target saline aquifers for CO2 sequestration are located at the depths between 4,000 ft (1,220
m) and 20,000 ft (6,096 m). These depths are sufficient to ensure adequate CO2 densities for
effective storage. The depth of the target saline aquifer in the conceptual model is between
1,300 m and 1,500 m, which are in the general range of the depth for potential saline aquifer
for CO2 storage. The formation in the target saline aquifer is always sandstone, which is
mainly composed of quartz, calcite and feldspar and plagioclase, etc. The rock minerals for
both caprock and target saline aquifer can be categorized into two types: silicate minerals
and carbonate minerals. The caprock above the saline aquifer is always composed of shale
or clay minerals, composed by feldspar, smectite and mica, etc. The spread of supercritical
CO2 gas is typically in the target saline aquifer under the caprock without fault existing in
the caprock, only tiny amount of supercritical CO2 gas could seep into the caprock with low
permeability under the buoyant effect of density difference between liquid and gas phases.
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The geochemical reactions of supercritical CO2 gas, saline water and rock minerals happen
mainly in the target saline aquifer with a caprock above it. Therefore, it is not necessary
to distinguish the rock mineralogy in different rock domains. Unlike the stress-related prop-
erties in the different rock domains, it aims to reflect the stress field change in the whole
reservoir due to supercritical CO2 injection. Finally, the rock minerals are a combination
of the typical rock minerals for shale and sandstone formations, such as quartz, kaolinite,
feldspar, illite, oligoclase, chlorite and calcite. The volume fraction of rock minerals are
evenly distributed, except for quartz. Among the minerals, calcite is set to be under local
equilibrium becasue of its fast reaction rate. Dissolution and precipitation of other minerals
are under kinetic condition. The parameters related to kinetic chemical reaction rate are
listed in Table 5.3 of Section 5.2. The initial total concentrations of primary chemical species
in the system are given in Table 5.15.
5.6.2 Hydrological Effects and Mechanical Effects: Structural Trapping
Figure 5.73 presents the saturation contour profile of supercritical CO2 gas in Case 1 for
the injection periods of 1 year, 3 years, 5 years, 10 years, 20 years and 30 years . Figure 5.73
(a) indicates that the supercritical CO2 gas has been transported from the injection point
(33,520 m, 1,495 m) up to the bottom of the caprock after 1 year’s injection period, with a
horizontal distance of 400 m for the spread. The plume of supercritical CO2 is not formed
yet at this period. The shape of the supercritical CO2 gas phase in the saline aquifer is like
the wick of a lighted candle. The supercritical CO2 gas saturation is decreasing gradually
from the inward to the outward of the ‘wick’. The largest CO2 gas saturation in the target
saline aquifer is 0.45 in the middle of the ‘wick’ (Figure 5.73 (a)). After 3 years’ CO2
injection, the plume of supercritical CO2 gas is being formed gradually, and majority of
the supercritical CO2 gas tends to accumulate below the bottom of the middle caprock due
to low permeability (1×10−17 m2) of the domain. The plume of the supercritical CO2 gas
has a maximum diameter of 1,400 m under the bottom edge of the middle caprock. The
intrinsic permeability of the middle caprock in the conceptual model is larger than the one
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used in the previous model, therefore the supercritical CO2 gas phase may penetrate into
the middle caprock. The supercritical CO2 gas penetrates into the middle caprock about
20 m after 3 years CO2 injection (Figure 5.73 (b)). The maximum supercritical CO2 gas
saturation is about 0.6 at the injection point of the target saline aquifer, and the diameter
of the CO2 plume gradually increases from the bottom to the top of the saline aquifer.
The supercritical CO2 gas saturation tends to transport upward rapidly under the condition
of strong buoyancy flow caused by the low density and low viscosity of the supercritical
CO2. Then, the plume of supercritical CO2 gas continues to enlarge during 5 years’ CO2
injection (Figure 5.73 (c)). The maximum diameter of the CO2 plume is 2,300 m under the
middle caprock, and the maximum CO2 saturation is about 0.7 around the injection point
in the target saline aquifer. The supercritical CO2 gas saturation tends to be about 0.6
under the bottom edge of the middle caprock, which means that the majority of the CO2
gas accumulates under the middle caprock. The supercritical CO2 gas penetrates into the
middle caprock about 40 m after 5 years’ CO2 injection (Figure 5.73 (c)). At 10 years, the
CO2 has spread under the middle caprock over 4,600 m and has penetrated upwards into
the caprock by about 80 m (Figure 5.73 (d)). The maximum CO2 saturation is about 0.85
around the injection point in the target saline aquifer. The supercritical CO2 gas saturation
tends to be about 0.65 under the bottom edge of the middle caprock, which means that
the majority of the CO2 gas accumulates under the middle caprock and the supercritical
CO2 gas continues to transport upwards into the middle caprock domain. Furthermore,
the supercritical CO2 keeps injecting for 20 years (Figure 5.73 (e)), and the supercritical
CO2 has spread under the middle caprock over 8,400 m, penetrated through the caprock,
and escaped to the upper caprock domain about 10 m. The maximum CO2 saturation is
about 1.0 around the injection point in the target saline aquifer, and the supercritical CO2
gas saturation tends to be about 0.75 under the bottom edge of the middle caprock. After
30 years’ CO2 injection, the spread of CO2 has become a big mushroom under the middle
caprock over 12,400 m and has penetrated upwards into the upper caprock by about 50 m
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(Figure 5.73 (f)). The maximum CO2 saturation is about 1.0 around the injection point
in the target saline aquifer, and the supercritical CO2 gas saturation tends to be about 0.8
under the bottom edge of the middle caprock. Finally, Figure 5.74 shows the spreading of
the CO2 fluid within the aquifer/caprock system for an injection operation of up to 30 years.
The integrity of the caprock is especially important directly above the injection point, where
the supercritical CO2 would reach after a few years of injection. The strong buoyancy flow
caused by the low density and low viscosity of the supercritical CO2 is apparent.
Figure 5.75 present the saturation contour profile of supercritical CO2 gas in Case 2 for
the injection periods of 1 year, 3 years, 5 years, 10 years, 20 years and 30 years. Figure 5.75
(a) indicates that the supercritical CO2 gas has been transported from the injection point
(33,520 m, 1,495 m) up to the bottom of the caprock after 1 year’s injection period, with
a horizontal distance of 400 m for the spread. Because the fault introduced in the middle
caprock, the supercritical CO2 gas also leaks through the fault with a length of 60 m. The
supercritical CO2 gas saturation is decreasing gradually from the inward to the outward of
CO2 saturated area. The largest CO2 gas saturation in the target saline aquifer is 0.45 in the
middle of the area (Figure 5.75 (a)). After 3 years’ CO2 injection, the plume of supercritical
CO2 gas is being formed gradually, and majority of the supercritical CO2 gas tends to
accumulate below the bottom of the middle caprock due to low permeability (1×10−17 m2)
of the domain. The plume of the supercritical CO2 gas has a maximum diameter of 1,400
m under the bottom edge of the middle caprock. The supercritical CO2 gas penetrates
into the middle caprock less than 10 m after 3 years CO2 injection (Figure 5.75 (b)). The
maximum supercritical CO2 gas saturation is about 0.6 at the injection point of the target
saline aquifer, and the diameter of the CO2 plume gradually increases from the bottom
to the top of the saline aquifer. After 3 years’ injection, the supercritical CO2 continues
to leak through the fault. With CO2 injection, the pressure increases gradually below the
middle caprock where the fault is located. The fault starts to open gradually. It is obvious
from Figure 5.75 (b) that the CO2 gas penetrates through the fault, and transports into
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the upper capraock with a larger permeability (1×10−15 m2). The shape of the whole CO2
gas saturated area is like a flower. The plume zone is like a ‘petal’, and the leaking zone is
like a ‘stamen’. The fault has a small width of 100 m, and surrounding rocks with a lower
permeability. The root of the ‘stamen’ is very thin. After the CO2 reach the upper caprock,
it starts to transport into surrounding rock of the entering point. The CO2 penetrates 100
m into the upper caprock. The supercritical CO2 gas saturation tends to transport upward
rapidly under the condition of strong buoyancy flow caused by the low density and low
viscosity of the supercritical CO2. Then, the plume of supercritical CO2 gas continues to
enlarge during 5 years’ CO2 injection (Figure 5.75 (c)). The maximum diameter of the CO2
plume is 2,300 m under the middle caprock, and the maximum CO2 saturation is about 0.7
around the injection point in the target saline aquifer. The supercritical CO2 gas saturation
tends to be about 0.6 under the bottom edge of the middle caprock, which means that the
majority of the CO2 gas accumulates under the middle caprock. The supercritical CO2 gas
penetrates into the middle caprock about 20 m after 5 years’ CO2 injection (Figure 5.75 (c)).
The CO2 penetrates 140 m into the upper caprock. At 10 years, the CO2 has spread under
the middle caprock over 4,600 m and has penetrated upwards into the caprock by about 60
m (Figure 5.75 (d)). The CO2 penetrates 240 m into the upper caprock. The maximum
CO2 saturation is about 0.85 around the injection point in the target saline aquifer. The
supercritical CO2 gas saturation tends to be about 0.65 under the bottom edge of the middle
caprock. Furthermore, the supercritical CO2 keeps injecting for 20 years (Figure 5.75 (e)),
and the supercritical CO2 has spreaded under the middle caprock over 8,400 m, and arrives
at the top boundary of the caprock. The CO2 penetrates 340 m into the upper caprock
The maximum CO2 saturation is about 1.0 around the injection point in the target saline
aquifer, and the supercritical CO2 gas saturation tends to be about 0.75 under the bottom
edge of the middle caprock. After 30 years’ CO2 injection, the spread of CO2 has become
a big mushroom under the middle caprock over 12,400 m and has penetrated upwards into
the upper caprock by less than 10 m (Figure 5.75 (f)). The CO2 penetrates 410 m into the
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upper caprock. The maximum CO2 saturation is about 1.0 around the injection point in the
target saline aquifer, and the supercritical CO2 gas saturation tends to be about 0.8 under
the bottom edge of the middle caprock. Finally, Figure 5.76 shows the spreading of the CO2
fluid within the aquifer/caprock system for an injection operation of up to 30 years.
Figure 5.77 - Figure 5.88 show the change of pore pressure, mean stress and volumetric
strain profile in vertical direction for both Case 1 without fault and Case 2 with fault. The
simulation results indicate that the significant increase in pore pressure results in a general
reduction of the mean effective stresses in the aquifer and caprock system. The largest
changes occur in the lower part of the caprock and upper part of the bedrock. In the aquifer,
near the injection point, the mean effective stress has been reduced by 5.6×106 Pa after 10
years’ CO2 injection. The effective stress changes are less than the changes in fluid pressure
because the total mean stress is increasing in and around the injection aquifer as a result of
the injection.
Figure 5.77 - Figure 5.82 show the simulated results for Case 1 without fault after 30
years’ CO2 injection, and in this case, the pressure propagates mainly along the bottom of
cap-rock. All the factors including pressure, the mean stress, and volumetric strain reach
the peak at the injection point and propagate into the surrounding, but not break through
the cap-rock before 10 years. After this, the pressure, the mean stress, and volumetric
strain break through the middle caprock into upper caprock the at 20 years and 30 years
(Figure 5.80 and Figure 5.81).
Figure 5.83 - Figure 5.88 show the simulated results for Case 2 with fault after 30 years’
CO2 injection, pressure, the mean stress and volumetric strain reach the maximum value
at the injection site, and then propagate to the surrounding, and more importantly, the
changes are along both the bottom of middle caprock and the fault. Comparing the changes
of ground uplift and pressure at the injection site with time for both cases, it is indicated
that the existing of fault cause much more changes of pore pressure and much bigger ground
uplift.
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The changes of the effective mean stresses in the layered formation result in a vertical
poro-elastic expansion of the rock. The increases of the pore pressure changes mean stress
and volumetric strain. Ground surface uplift is calculated from volumetric strain changes by
summation over z direction grid block columns and the assumption of strain isotropy. The
uplift of the ground surface as shown in Figure 5.89 for Case 1 without fault and Figure 5.90
for Case 2 with fault. Almost all rock expansion takes place in the aquifer, whereas the
formation above the middle caprock moves up in a rigid body motion. Figure 5.89 indicates
that the maximum uplift is about 1.2 m for the layered formation without faut after 30
years’ CO2 injection. In addition, the rock expansion takes place not only in the aquifer but
also the caprock because of the fault. The uplift in Case 2 shall be bigger then that in Case
1. Figure 5.90 indicates that the maximum uplift is about 1.8 m for the layered formation
without faut after 30 years’ CO2 injection.
5.6.3 Permeability and Porosity Change by Mechanical Effects
Figure 5.91 and Figure 5.92 show the pressured induced permeability change and porosity
change for Case 1 during 30 years’ CO2 injection period. The permeability change in the
aquifer and caprock is proportional to the pressure and stress increase, and the porosity
change is proportional to permeability change. The largest changes in permeability occurs
in the top boundary of the aquifer. The permeability ratio is the ratio between the pressure
induced permeability and intrinsic permeability, and the porosity ratio is the ratio between
the pressure induced porosity and original porosity. The permeability has increased by a
factor of about 3.3 near the top boundary of the aquifer. Correspondingly, and the porosity
has increased by a factor of about 1.06 near the top boundary of the aquifer. Figure 5.93
and Figure 5.94 show the pressure induced permeability change and porosity change for
Case 2 during 30 years’ CO2 injection period. Figure 5.93 and Figure 5.94 only show the
permeability and porosity change in the fault. Both the length and width of fault are 100 m.
Figure 5.93 and Figure 5.94 display the permeability and porosity ration within the range of
100 m. The stress weakness is induced with the fault, which causes the mean stress increase
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significantly. This phenomenon can be observed from the mean stress profile in Figure 5.83 -
Figure 5.88. The permeability is proportional to the effective mean stress. Therefore, the
permeability change in the fault domain is significant. The permeability has increased by a
factor of 325 and the porosity has increased by a factor of about 1.84.
5.6.4 Phase Equilibrium and Chemical Equilibrium: Solubility Trapping
During a long term storage period, the aqueous phase of CO2 is consumed by the geo-
chemical reaction between aquifer water and rock mineral, especially for the dissolution/pre-
cipitation of the carbonate minerals. The aqueous CO2 continues to be consumed in aqueous
phase, and the CO2 gas phase continues to be dissolved into aqueous phase. The CO2 gas
saturation continues to decrease in the area of two phase mixture. The area near wellbore is
occupied by two phase mixture. Figure 5.95 shows the spatial distribution of CO2 gas satu-
ration during 10,000 years’ storage period. Majority of the CO2 gas accumulates under the
middle caprock, which can be observed from Figure 5.95 (a), Figure 5.95 (b), and Figure 5.95
(c). After 5,000 years, majority of the supercritical CO2 gas escapes the barrier of middle
cparock, and penetrates into the upper caprock, which can be observed from Figure 5.95
(d), Figure 5.95 (e), and Figure 5.95 (f). The CO2 gas is accumulates in the area with a
width of 30,000 m and a length of 300m. The amount of CO2 gas starts to decrease and
some of CO2 gas continues to move upwards at the same time. After 10,000 years, the CO2
gas saturation decrease to 0.1 because of the chemical reaction.
Dissolution of the free phase CO2 in aquifer water is caused by the geochemical reaction
between water and CO2. This chemical reaction is believed as the fastest reaction and always
set as equilibrium condition. It generates the aqueous chemical species of H+, H2CO3, HCO
−
3 ,
and CO2−3 . The chemical species H
+ acidizes the aqueous environment and decreases the pH
value in the saline aquifer. After the dissolution of free phase CO2, the two phase mixture
area become acidized region, where the pH is less than 7.0. Figure 5.96 shows the spatial
distribution of pH value during the 10,000 years’ CO2 storage period. The pH value in the
plume of CO2 gas is 4.8 after 30 years’ CO2 injection in Figure 5.96 (a). The acidized area by
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CO2 dissolution continues to spread with CO2 moving upwards during CO2 storage period.
After 5,000 years, some of the CO2 gas has already been consumed under the middle caprock.
The pH value in the area under the middle caprock is above 7.0 and become alkalized, which
is obvious in Figure 5.96 (d), Figure 5.96 (e) and Figure 5.96 (f).
Within long term storage period, the geochemical reactions between acidized aquifer
water and the primary rock minerals can be activated under the effects of H+. Dissolution
and precipitation of rock minerals occur in the acidized region. Figure 5.97-Figure 5.99 show
that the concentrations of three primary chemical species (Fe2+, Mg2+, and SiO2(aq)) in the
aqueous phase. The potential minerals precipitated into the quifer rock are composed by
these chemical species, such as ankerite and dawsonite. Figure 5.97 shows the concentration
evolution of Fe2+ during 10,000 years’ storage period. Majority of the Fe2+ is released into
aqueous at the edge of the CO2 saturated area. The maximum concentration of Fe
2+ is
1.16 × 10−2 mol/l after 100 years (Figure 5.97 (a)). At the beginning of the storage time,
the primary rock minerals tend to dissolve into aqueous phase and release different chemical
species. At 1,000 years, the concentration is still abundant at the edge of the CO2 saturated
zone (Figure 5.97 (b)). After this, the precipitation dominates the chemical reaction system,
then the concentration of Fe2+ starts to decrease (Figure 5.97 (c), Figure 5.97 (d), Figure 5.97
(e) and Figure 5.97 (f)). The concentration evolution of primary chemical species (Mg2+
and SiO2(aq)) have the same tendency with Fe
2+, which can be observe in Figure 5.98 and
Figure 5.99.
5.6.5 Mineral Dissolution and Precipitation: Mineral Trapping
There are four primary rock minerals and six secondary minerals present in this numer-
ical model. The formation type is sandstone, which is always composed of large amount
of quartz, small amount of carbonate minerals, plagioclase feldspar minerals and clay min-
erals, and minor components. For the geochemical composition in this model, the most
common minerals in the potential CO2 sequestration site from the literature are taken into
account. Calcite represents the carbonate minerals. Oligolcase represents the plagioclase
184
feldspar minerals. Smectite-Na and chlorite represents the clay minerals. The volume frac-
tion change profiles of the primary and secondary minerals during 3,000 years are illustrated
in Figure 5.100 - Figure 5.107.
Dissolution and precipitation of primary minerals: it is obvious to observe the dissolu-
tions of oligoclase, chlorite and calcite in the order of magnitude, and the precipitation of
smectite and quartz. Figure 5.100 - Figure 5.104 show the volume fraction evolutions of
these rock minerals during 10,000 years’ storage period. The dissolution happens in two
areas in saline aquifer and in upper caprock. The reactivity in the middle caprock is not
significant due to the small porosity and permeability of the middle caprock. Figure 5.100
shows the dissolution of the oligocalse during the storage period. The maximum volume
fraction decrease of oligoclase is 1.15 percent after 500 years (Figure 5.100 (a)), 1.95 percent
after 1,000 years (Figure 5.100 (b)), 2.90 percent after 3,000 years (Figure 5.100 (c)), and
3.95 percent after 5,000 years (Figure 5.100 (d)), 5.35 percent after 8,000 years (Figure 5.100
(e)), and 7.45 percent after 10,000 years (Figure 5.100 (f)). The dissolution of oligoclase




the chemical species to precipitate albite (NaAlSi3O8), dawsonite (NaAlCO3(OH)2), and
smectite-Na (Na0.29Mg0.26Al1.77Si3.97O10(OH)2). Figure 5.101 shows The dissolution of the
chlorite during the storage period. The maximum volume fraction decrease of chlorite is
less than 0.1 percent after 500 years (Figure 5.101 (a)), 0.62 percent after 1,000 years (Fig-
ure 5.101 (b)), 0.82 percent after 3,000 years (Figure 5.101 (c)), and 1.12 percent after 5,000
years (Figure 5.101 (d)), 1.72 percent after 8,000 years (Figure 5.101 (e)), and 2.12 percent
after 10,000 years (Figure 5.101 (f)). The dissolution of chlorite releases large amounts of
chemical species (Fe2+, Mg2+, SiO2(aq), and AlO
−
2 ), which supply the chemical species to
precipitate siderite (FeCO3) and ankerite (CaMg0.3Fe0.7(CO3)2).
Figure 5.102 shows the dissolution and precipitation of the calcite during the storage
period. Calcite is dissolved in the acidized region and precipitated in the alkalized area
under the middle caprock. The volume fraction change of calcite reaches the maximum
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amounts till 10,000 years (Figure 5.102 (e)). The maximum volume fraction increase of
calcite is 0.5 percent in the alkalized zone, and the maximum volume fraction decrease is




+ released by the dissolutions of oligoclase and chlorite, the smectite
is precipitated into rock minerals. Figure 5.103 shows the precipitation of smectite-Na during
the storage period. The maximum volume fraction increase of smectite-Na is 0.52 percent
after 500 years (Figure 5.103 (a)), 1.70 percent after 1,000 years (Figure 5.103 (b)), 2.20
percent after 3,000 years (Figure 5.103 (c)), and 3.75 percent after 5,000 years (Figure 5.103
(d)), 5.20 percent after 8,000 years (Figure 5.103 (e)), and 6.70 percent after 10,000 years
(Figure 5.103 (f)). Figure 5.104 shows the precipitation of quartz during the storage period.
Quartz is precipitated in the maximum extent of the acidized region under middle caprock
during the total storage time period of 10,000 years(Figure 5.104). The dissolution of primary
rock minerals releases large amounts of SiO2(aq), which make the chemical species SiO2(aq)
supersaturated in the aquifer water, then precipitated into the rock. Quartz continues to
precipitate into the mineral phase during 10,000 years’ storage time, and the maximum
amount of volume fraction increase is 1.0 percent (Figure 5.104 (f)).
Precipitation of secondary minerals: the order of volume fraction increase for secondary
minerals are albite, ankerite and dawsonite. Majority of the potential secondary minerals
are carbonate minerals except for albite. The precipitation of the secondary rock minerals
mainly happens in aquifer and the upper caprock. Figure 5.105 shows the precipitation of
albite during the storage period. The precipitation of albite can be observed after 3,000
years. The maximum volume fraction increase of aibite is 1.5 percent after 5,000 years
(Figure 5.105 (d)), 2.75 percent after 8,000 years (Figure 5.105 (e)), and 4.25 percent after
10,000 years (Figure 5.105 (f)). Figure 5.106 shows the precipitation of ankerite during the
storage period. The majority of the ankerite precipitation occurs in the middle of the CO2
plume. The maximum volume fraction increase of ankerite is 0.62 percent after 500 years
(Figure 5.106 (a)), 0.70 percent after 1,000 years (Figure 5.106 (b)), 0.88 percent after 3,000
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years (Figure 5.106 (c)), and 1.12 percent after 5,000 years (Figure 5.106 (d)), 1.85 percent
after 8,000 years (Figure 5.106 (e)), and 2.23 percent after 10,000 years (Figure 5.106 (f)).
Figure 5.107 shows the precipitation of dawsonite during the storage period. The majority
of the ankerite precipitation occurs in the middle of the CO2 plume and the upper caprock.
The precipitation of albite after 1,000 years. The maximum volume fraction increase of
dawsonite is 0.38 percent after 1,000 years (Figure 5.107 (b)), 0.42 percent after 3,000 years
(Figure 5.107 (c)), and 0.52 percent after 5,000 years (Figure 5.107 (d)), 0.87 percent after
8,000 years (Figure 5.107 (e)), and 1.22 percent after 10,000 years (Figure 5.107 (f)).
The numerical simulation results indicate that, when chlorite and oligoclase are present as
a primary mineral in the sandstone aquifer, mineral trapping of injected CO2 is resulted from
precipitation of the multiple secondary carbonate minerals such as ankerite and dawsonite,
especially for long term storage period. Thus, dawsonite and ankerite are the most dominant





essential chemical components of the secondary silicate and carbonate minerals (i.e., ankerite,
smectite-Na, dawsonite and albite) for mineral trapping of injected CO2, are supplied by
dissolution of oligoclase and chlorite.
5.6.6 Contributions of Mineral Trapping Mechanism
The mineral composition in this model are simliar with the previous cases in Section 5.4
and 5.5. The contributions of the three trapping mechanisms for trapping supercritical CO2
in saline aquifer are similar. With time increasing, the mineral trapping become dominated
and determines the fate of supercritical CO2 in saline aquifer. As the efficacy is dicussed in
the previous cases, only the mass of CO2 sequestrated in rock mineral is shown in this model
to locate the places, where CO2 mineralization occurs in layered formation.
The amounts of CO2 permanently trapped into mineral phase (i.e., precipitation of the
primary and secondary carbonate minerals) in the sandstone aquifer are shown in Fig-
ure 5.108. As time increasing, the mass of CO2 permanently trapped in mineral phase
increases continuously in the acidized area and reaches the maximum amounts in the aquifer
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and upper caprock due to precipitation of the secondary silicate and carbonate minerals,
such as ankerite, dawsonite and albite. The maximum value of the mass of CO2 stored by
mineral trapping is about 20.0 kg/m3 rock after 10,000 years (Figure 5.108 (d)).
It is indicated that the precipitated new minerals are mainly in the CO2 plume of traget
aquifer and in the upper caprock. The mineral trapping of CO2 is not significant in the middle
caprock compared with the saline aquifer and upper caprock. The permeability and porosity
of middle caprock is 0.3×10−17 and 0.0094, there is only a small amount of saline water
saturated in the middle caprock and CO2 gas trapped in the pore space. The possibility
of chemical reactions is reduced due to the small permeability and porosity. In addition,
the CO2 migrates into upper caprock during long term storage period. The minerological
composition of the upper rock determins the long term fate of supercritical CO2 in subsurface.
It is obvious that the mineralization of CO2 gas occurs at the bottom of the upper caprock.
Table 5.12: Detailed subdivision of the grid cell number in x, y, and z direction in the
conceptual model





















Table 5.13: Material properties for five simulation domains in the two conceptual models (Rutqvist & Tsang, 2002)
Domain Number 1 2 3 4 5
Young’s modulus, E (Pa) 5×109 5×109 5×109 5×109 2.5×109
Poisson’s ratio, v 0.25 0.25 0.25 0.25 0.25
Biot’s parameter, α 1 1 1 1 1
Rock density, ρs (kg/m
3) 2,260 2260 2260 2260 2260
Zero stress porosity, φ0 0.1 0.01 0.1 0.01 0.1
Residual porosity, φr 0.09 0.009 0.09 0.009 0.05
Original porosity, φ 0.094 0.0094 0.094 0.0094 0.054
Zero stress permeability, k0 (m
2) 1×10−15 1×10−17 1×10−13 1×10−17 1×10−12
Original permeability, k (m2) 0.3×10−15 0.3×10−17 0.3×10−13 0.3×10−17 0.3×10−17
Corey’s irreducible gas saturation, Srg 0.05 0.05 0.05 0.05 0.05
Corey’s irreducible liquid saturation, Srl 0.3 0.3 0.3 0.3 0.3
van Genuchten’s air-entry pressure, P0 (Pa) 1.96×105 3.1×106 1.96×104 3.1×106 1×103
van Genuchten’s exponent, m 0.457 0.457 0.457 0.457 0.457
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Table 5.14: Initial volume fractions of primary minerals in the model and potential secondary
minerals
























Table 5.15: Initial total concentrations for primary chemical species














































Figure 5.72: Conceptual model profile along the vertical section with five different simulation
domains
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Figure 5.73: Saturation contour profile of the supercritical CO2 gas in the target saline
aquifer for Case 1 during 30 years’ injection period: (a) 1 year, (b) 3 years, (c) 5 years, (d)
















Figure 5.74: Spread of the supercritical CO2 gas in the target saline aquifer for Case 1 during
30 years injection period (curves from inward to outward: 1 year, 3 years, 5 years, 10 years,



































































































































































































































































Figure 5.75: Saturation contour profile of the supercritical CO2 gas in the target saline
aquifer for Case 2 during 30 years’ injection period: (a) 1 year, (b) 3 years, (c) 5 years, (d)





















Figure 5.76: Spread of the supercritical CO2 gas in the target saline aquifer for Case 2 during
30 years injection period: (curves from inward to outward: 1 year, 3 years, 5 years, 10 years,
20 years and 30 years).
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Figure 5.77: Pressure, mean stress and volumetric strain contour profile for Case 1 after 1
year’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.78: Pressure, mean stress and volumetric strain contour profile for Case 1 after 3
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.79: Pressure, mean stress and volumetric strain contour profile for Case 1 after 5
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.80: Pressure, mean stress and volumetric strain contour profile for Case 1 after 10
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.81: Pressure, mean stress and volumetric strain contour profile for Case 1 after 20
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.82: Pressure, mean stress and volumetric strain contour profile for Case 1 after 30
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.83: Pressure, mean stress and volumetric strain contour profile for Case 2 after 1
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.84: Pressure, mean stress and volumetric strain contour profile for Case 2 after 3
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.85: Pressure, mean stress and volumetric strain contour profile for Case 2 after 5
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.86: Pressure, mean stress and volumetric strain contour profile for Case 2 after 10
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.87: Pressure, mean stress and volumetric strain contour profile for Case 2 after 20
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;










































































































































































































































Figure 5.88: Pressure, mean stress and volumetric strain contour profile for Case 2 after 30
years’ injection period: (a) pressure contour; (b) iso-pressure line; (c) mean stress contour;
(d) iso-stress line; (e) strain contour; (f) iso-strain line.
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Figure 5.89: The vertical displacement of the ground surface caused by 30 years’ CO2 injec-
tion for for Case 1.
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Figure 5.90: The vertical displacement of the ground surface caused by 30 years’ CO2 injec-



























































































































































































































































































Figure 5.91: Permeability change ratio profile for Case 1 after 30 years’ injection period: (a)















































































































































































































































































Figure 5.92: Porosity change ratio profile for Case 1 after 30 years’ injection period: (a) 1



















































































































































































































Figure 5.93: Permeability change ratio profile for Case 2 after 30 years’ injection period: (a)

















































































































































































































































Figure 5.94: Porosity change ratio profile for Case 2 after 30 years’ injection period: (a) 1
year; (b) 3 years; (c) 5 years; (d) 10 years; (e) 20 years; (f) 30 years.
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Figure 5.95: CO2 gas saturation profile during 10,000 years’ storage period: (a) 100 years;
(b) 500 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
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Figure 5.96: The pH value profile during 10,000 years’ storage period: (a) 30 years; (b) 500
years; (c) 1,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
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Figure 5.97: The concentration profile of Fe2+ during 10,000 years’ storage period: (a) 100
years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
217
Figure 5.98: The concentration profile of Mg2+ during 10,000 years’ storage period: (a) 500
years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
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Figure 5.99: The concentration profile of SiO2(aq) during 10,000 years’ storage period: (a)
100 years; (b) 500 years; (c) 1,000 years; (d) 3,000 years; (e) 5,000 years; (f) 10,000 years.
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Figure 5.100: The volume fraction change of oligoclase during 10,000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000
years.
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Figure 5.101: The volume fraction change of chlorite during 10,000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000
years.
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Figure 5.102: The volume fraction change of calcite during 10,000 years’ storage period: (a)
30 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
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Figure 5.103: The volume fraction change of smectite-Na during 10,000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000
years.
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Figure 5.104: The volume fraction change of quartz during 10,000 years’ storage period: (a)
500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000 years.
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Figure 5.105: The volume fraction change of albite during 10,000 years’ storage period: (a)
1,000 years; (b) 3,000 years; (c) 5,000 years; (d) 8,000 years; (e) 10,000 years.
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Figure 5.106: The volume fraction change of ankerite during 10,000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000
years.
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Figure 5.107: The volume fraction change of dawsonite during 10000 years’ storage period:
(a) 500 years; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f) 10,000
years.
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Figure 5.108: The amount of CO2 sequestrated in rock mineral during 10,000 years’ storage
period: (a) 500 year; (b) 1,000 years; (c) 3,000 years; (d) 5,000 years; (e) 8,000 years; (f)
10,000 years.
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5.7 THMC Model with CO2 Dissolution
In the THMC processes of CO2 geo-sequestration, one mechanism may effect others. First
of all, the thermal effect influences the temperature, pressure, stress, and chemical reaction.
High temperature can reduce the amount of gaseous CO2 dissolved into aqueous phase, but
may accelerate the chemical reaction, especially for mineral dissolution and precipitation, and
may increase the stress when subjected to CO2 gas injection. Hydrological effect is related
to pore pressure. In addition, the pressure increases subjected to CO2 gas injection, which
influence the phase equilibrium between CO2 gas and aquifer water. High pressure increases
the amount of gaseous CO2 dissolved into aqueous phase, which affects the chemical reaction
for mineral dissolution and precipitation. Furthermore, the mechanical effect is resulted from
CO2 gas injection, which affects the pressure and chemical reaction by means of the change of
porosity and permeability. Finally, the geochemical reactions affect the pressure and stress.
The chemical reactions lead to the dissolution and precipitation of rock minerals.
The objective of this THMC model is to exam the effects of CO2 gas dissolution on the
THMC processes of CO2 sequestration. The chemical reaction system is defined as pure CO2
dissolution. This chemical reaction system does not consider any chemical equilibrium and
kinetic reaction between mineral and aquifer water. Therefore, the chemical reaction is only
between gaseous CO2 and H2O.
5.7.1 Model Description
A 1D numerical model is subjected to large amount of CO2 injection with low temper-
ature. The model is assumed to be sealed by upper caprock and lower bedrock. A CO2
injection well is located at the center of the radial system. The temperature of gaseous CO2
is 32 ◦C, which corresponds to the enthalpy of 5.632×105 J/kg and keep the gaseous CO2
under supercritical condition (31.1◦C and 7.4×106Pa). The model is then discretized into
100 grid blocks in logarithmic distribution in the radial direction. The sandstone aquifer is
assumed to be initially homogenous and isotropic. The hydro-geological properties of the
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model are given in Table 5.16. The initial condition of the temperature is set equal to 75 ◦C
in the model. It is assumed that only small amounts of the primary chemical species in the
original aquifer water. The initial concentrations of H+ and HCO−3 are 0.4320×10−8 mol/l
and 0.1960×10−7 mol/l. For the boundary conditions, no-flow boundaries are assumed due
to the impermeable seal layers along the top and bottom of this model. No-flow boundary
conditions are assumed due to the radial symmetry of the CO2 injection point at the left
boundary. The constant boundary conditions of pressure and mean stress are assigned to
the infinite radius of the simulation model at the right boundary.
All of the aqueous chemical reactions involved in this geochemical system are set to
be equilibrium. The system includes three equilibrium chemical reactions for secondary
aqueous complex: water (H2O) dissociation with hydrogen ion (H
+) and hydroxyl ion (OH−);
bicarbonate radical (HCO−3 ) dissociation with carbonate radical (CO
2−
3 ) and hydrogen ion
(H+); carbonic acid (H2CO3) dissociation with water (H2O) and aqueous CO2 (CO2(aq)),
and one for CO2 dissolution into aqueous phase forming carbonic acid (H2CO3), which breaks
into bicarbonate radical (HCO−3 ) and hydrogen ion (H
+).
The three chemical equations, occurring in aqueous phase under equilibrium state, are
as follows:
1. OH– −−⇀↽− H2O−H+
2. CO2–3 −−⇀↽− HCO–3−H+
3. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
The gas dissolution, occurring between gaseous and aqueous phases under equilibrium
state, is given by:
4. CO2(g) −−⇀↽− HCO–3 + H+−H2O
Therefore, there are three primary chemical species (H2O, H
+, and HCO−3 ) that can
represent the total mass or mole in the chemical reaction system of gaseous CO2 dissolution,
in which there are three aqueous equilibrium reactions and one gas dissolution into aqueous
phase. The three aqueous chemical complex chemical reactions are controlled by aqueous
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equilibrium constant, and the CO2 gas dissolution is controlled by partial pressure and
fugacity coefficient.
Three primary aqueous species (H2O, H
+, and HCO−3 ) and one primary gaseous species
(CO2(g)) have been selected to dominate this chemical reaction system (CO2(g) dissolution),
there are five governing equations, of which four mass balance equations for all the primary
chemical species, and one saturation index equation to solve dissolution concentration of CO2
gas. In addition, one energy balance equation is to solve temperature, and one momentum
balance equation to solve mean stress. Therefore, the equation system includes seven main
equations which can represent the THMC system (CO2 dissolution) numerically. Seven
unknown variables are selected as the primary variable for the fully coupled reactive solute
transport model. The detailed derivation of this THMC model for CO2 dissolution is given
in Appendix I.
5.7.2 Fully Coupled THMC Solution
For the numerical solution, two scenarios for this THMC model is conducted: the first one
under non-isothermal condition, and the second one is isothermal condition. The fully cou-
pled THMC solution is presented including stress, pore pressure, and temperature changes,
as well as gas dissolution.
Figure 5.109 and Figure 5.110 shows the spatial distribution of pressure profile for both
non-isothermal and isothermal cases. Figure 5.111 and Figure 5.112 shows the spatial dis-
tribution of CO2 gas saturation profile for both two cases. The profiles for pressure and gas
saturation after 1 year, 3 years, 5 years and 10 years are much similar for both cases. The
thermal effect do not have a significant impact on the pressure and fluid transport subject
to CO2 injection.
In Figure 5.109 and Figure 5.110, the pressure continues to build up in the two phase
mixtures areas, and then moves laterally with CO2 injecting into saline aquifer. The pressure
near the injection point continues to increase after 1 year, then tends to decrease with
the pressure transporting to far area of the aquifer, and CO2 gas moving along the radial
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coordinates after 3 years, 5 years and 10 years. The pressure profiles in the two phase area
have a sharp tendency compared with the single phase gas and water areas. Figure 5.111
and Figure 5.112 indicate the CO2 gas front during 10 years’ CO2 injection. The CO2 gas
transports to the location of 550 m after 1 year, 850 m after 3 years, 1,150 m after 5 years,
and 1,450 m after 10 years. The two phase of gas and liquid coexists within these distances
for the different periods, and the pressure buildup is significant in the two phase area in
Figure 5.109 and Figure 5.110.
Figure 5.113 show the spatial distribution of temperature for the non-isothermal case.
The gaseous CO2 with a temperature of 32
◦C is injected into the formation. The temperature
transports with the CO2 gas moving laterally. The thermal effect has a significant impact
on the temperature of the model. The temperature of formation become 32 ◦C within 38 m
of the wellbore after 1 year, 70 m after 3 years, 95 m after 5 years and 130 m after 10 years.
Figure 5.114 and Figure 5.115 show the spatial distribution of mean stress profile for both
non-isothermal and isothermal cases. For the change in geo-mechanical field, the mean stress
is proportional to the pore pressure in saline aquifer. Figure 5.114 indicates that the thermal
effect has a significant impact on the mean stress profile. When subjected to low temperature
supercritical CO2, the mean stress tends to decrease. Mean stress decreases significantly
with a maximum value of 2×106Pa in the low temperature area in Figure 5.113. After
the temperature within the area near wellbore is the same with that of injected supercritical
CO2, the mean stress tends to increase in these areas because of the continued CO2 injection.
However, the mean stress tends to decrease when cold CO2 transports into the far areas,
then to increase after the temperatures in these areas are the same with supercritical CO2.
Figure 5.115 shows that the mean stress profile has the same tendency with pressure profile
during 10 years’ CO2 injection in isothermal case. The mean stress continues to build up
within the area of two-phase mixtures. The mean stress increases rapidly when the front of
two phase area moves laterally with CO2 injection. Figure 5.116 and Figure 5.117 show the
spatial distribution of volumetric strain profile for both non-isothermal and isothermal cases.
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The volumetric strain is related to the surface uplift of the formation in terms of the volume
change of aquifer due to CO2 injection. The tendencies of the volumetric strain profile for
both cases are the same with the mean stress for both cases.
Figure 5.118 and Figure 5.119 show the spatial distribution of dissolved concentration
of CO2(g) for both non-isothermal and isothermal cases. The CO2 dissolution only occurs
within the two phase area of CO2 and H2O coexisting. The maximum dissolved concentra-
tions of CO2(g) occur near the wellbore area with values of 2.32 mol/l for nonisothermal
case (Figure 5.118) and 1.75 mol/l for nonisothermal case (Figure 5.119). It is obvious that
the the dissolved concentration of CO2 gas in the lower temperature area for non-isothermal
case are bigger than that for isothermal case. Therefore, thermal effect has a significant
impact on the chemical reaction process. Low temperature can help more supercritical CO2
dissolving into the aqueous phase, which can assist the solubility trapping of supercritical
CO2.
Figure 5.120 - Figure 5.125 show the spatial distribution of the concentration of realated
chemical species for both non-isothermal and isothermal cases. In terms of the tendency of
the profile, the independent concentration of CO2(aq) (Figure 5.120), HCO
−
3 (Figure 5.122)
and H+ (Figure 5.124) has the maximum values within the low temperature area for non-
isothermal case. All these chemical species are byproducts of CO2 dissolution. In terms of
the amount of the concentration, the chemical species CO2(aq) has the biggest concentration
among these three chemical species.
Figure 5.126 - Figure 5.127 show the spatial distribution of the pH value for both both
cases. The formation is acidized in two phase area. The pH value decreases to 3.0 within
the low temperature area for nonisothermal case. However, the The pH value decreases
to about 3.1 within the two phase area for isothermal case (Figure 5.126). The dissolved
concentrations of CO2 gas in the nonisothermal case are bigger than those in isothermal
case, which are shown in Figure 5.118 and Figure 5.119. The CO2 dissolution releases H
+,
which determines pH value. Therefore, the nonisothermal case is much more acidized.
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Table 5.16: Initial parameters for the THMC Model.
Hydrological parameter
Permeability 10−13 m2
Formation thickness 100 m
Formation length 10000 m
Porosity 0.30
Temperature 75 ◦C
Initial pressure 2×107 Pa
CO2 injection rate 90 kg/s
CO2 enthalpy 5.632×105 J/kg
Relative permeability
Liquid van Genuchten Function (1980)
Gas Corey Function (1954)




Young’s modulus 5.0 ×109 Pa
Initial mean stress 4.71×107 Pa
Linear thermal expansion 1×10−5 1/◦C
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Figure 5.109: Pressure evolution subjected to low temperature supercritical CO2 injection
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Figure 5.110: Pressure evolution subjected to supercritical CO2 injection
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Figure 5.111: CO2 gas saturation evolution subjected to low temperature supercritical CO2
injection
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Figure 5.112: CO2 gas saturation evolution subjected to supercritical CO2 injection
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Figure 5.113: Temperature evolution subjected to low temperature supercritical CO2 injec-
tion
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Figure 5.114: Mean stress evolution subjected to low temperature supercritical CO2 injection
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Figure 5.115: Mean stress evolution subjected to supercritical CO2 injection
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Figure 5.116: Volumetric strain evolution subjected to low temperature supercritical CO2
injection
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Figure 5.117: Volumetric strain evolution subjected to supercritical CO2 injection
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Figure 5.118: Dissolved concentration of CO2(g) in aqueous phase for nonisothermal case
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Figure 5.119: Dissolved concentration of CO2(g) in aqueous phase for isothermal case
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Figure 5.120: Concentration of aqueous CO2(aq) subjected to low temperature supercritical
CO2 injection
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Figure 5.121: Concentration of aqueous CO2(aq) subjected to supercritical CO2 injection
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Figure 5.122: Concentration of bicarbonate ion (HCO−3 ) subjected to low temperature su-
percritical CO2 injection
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Figure 5.123: Concentration of bicarbonate ion (HCO−3 ) subjected to supercritical CO2
injection
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Figure 5.124: Concentration of H+ subjected to low temperature supercritical CO2 injection
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Figure 5.125: Concentration of H+ subjected to supercritical CO2 injection
5.8 THMC Model with Equilibrium Chemical Reactions
The objective of this THMC model is to exam the effects of CO2 gas dissolution and
mineral dissolution under equilibrium condition on the THMC processes of CO2 sequestra-
tion. This chemical reaction system includes not only CO2 gas dissolution but also mineral
dissolution between mineral and aquifer water. The chemical reaction system is defined as
CO2 dissolution plus CaCO3(s) dissolution. Therefore, the chemical reactions involved in
this chemical reaction system are between gaseous CO2 and H2O, and between CaCO3(s)
and H2O.
5.8.1 Model Description
A 1D numerical model is subjected to large amount of CO2 injection with low tempera-
ture. Gaseous CO2 with a temperature of 32
◦C is injected into the model. The hydrological
and mechanical parameters in this model are the same with the one in Section 5.7. The
initial concentrations of the primary chemical species in this model are given in Table 5.17.
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Figure 5.126: pH value evolution subjected to low temperature supercritical CO2 injection
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Figure 5.127: pH value evolution subjected to supercritical CO2 injection
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For the geochemical parameters, the volume fraction of CaCO3(s) in the rock is 50 percent
and the CaCO3(s) dissolution is set to be in equilibrium. The other 50 percent is treated
as unreactive minerals. This numerical model is to evaluate the effects of supercritical CO2
injection on hydrological, mechanical properties, and the effect of gas and mineral dissolu-
tion on hydrological, mechanical and chemical properties, the effect of temperature on the
hydrological, mechanical and chemical properties.
All of the aqueous chemical reactions involved in this geochemical system are set to be
equilibrium. The system includes six equilibrium chemical reactions for secondary aque-
ous complex: water (H2O) dissociation with hydrogen ion (H
+) and hydroxyl ion (OH−);
bicarbonate radical (HCO−3 ) dissociation with carbonate radical (CO
2−
3 ) and hydrogen ion
(H+); carbonic acid (H2CO3) dissociation with water (H2O) and aqueous CO2 (CO2(aq));
aqueous calcium carbonate (CaCO3(aq)) dissociation with calcium ion (Ca
2+), bicarbonate
radical (HCO−3 ) and hydrogen ion (H
+); calcium bicarbonate ion (CaHCO+3 ) dissociation
with calcium ion (Ca2+) and bicarbonate radical (HCO−3 ); calcium hydroxide ion (CaOH
+)
dissociation with calcium ion (Ca2+), water (H2O) and hydrogen ion (H
+); one for CO2 dis-
solution into aqueous phase forming carbonic acid (H2CO3), which breaks into bicarbonate
radical (HCO−3 ) and hydrogen ion (H
+), and one for calcite dissolution into aqueous phase
forming calcium ion (Ca2+), bicarbonate radical (HCO−3 ) and hydrogen ion (H
+).
The six chemical equations, occurring in aqueous phase under equilibrium state, are as
follows:
1. OH– −−⇀↽− H2O−H+
2. CO2–3 −−⇀↽− HCO–3−H+
3. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
4. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
5. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
6. CaOH+ −−⇀↽− Ca2+ + H2O−H+
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The gas dissolution, occurring between gaseous and aqueous phases under equilibrium
state, is given by:
7. CO2(g) −−⇀↽− HCO–3 + H+−H2O
The calcite dissolution, occurring between solid and aqueous phases under equilibrium
state, is given by:
8. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
Therefore, there are four primary chemical species (H2O, H
+, HCO−3 , and Ca
2+) that
can represent the total mass or mole in the chemical reaction system of gaseous CO2 disso-
lution plus calcite dissolution, in which there are six aqueous equilibrium reactions, one gas
dissolution into aqueous phase and one mineral dissolution into aqueous phase. The fluid
and heat flow, solute transport, geomechanics and geochemistry during CO2 sequestration
are simulated in the fully coupled numerical model. The geochemical system in this case
is an equilibrium system (H2O(l)-CO2(g)-CaCO3(s)), including the equilibrium geochemical
reactions among three phases. The four primary aqueous species (H2O, H
+, HCO−3 , and
Ca2+), one primary gaseous species (CO2(g)) and one primary mineral species (CaCO3(s))
are selected to represent this chemical reaction system, there are seven governing equations,
of which five mass balance equation for all the primary chemical species, one gas saturation
index equation to solve dissolution concentration of CO2 gas, and one mineral saturation in-
dex equation to solve dissolution concentration of CaCO3(s). In addition, one energy balance
equation is to solve temperature, and one momentum balance equation to solve mean stress.
Therefore, the equation system includes nine main equations which can represent the THMC
system (CO2 dissolution + CaCO3(s) dissolution) numerically. The detailed derivation of
this THMC model is given in Appendix J.
5.8.2 Fully Coupled THMC solution
For the THMC model, two scenarios for this THMC model is conducted: the first one
under non-isothermal condition, and the second one is isothermal condition. The fully cou-
pled THMC solution is presented including stress, pore pressure, and temperature changes,
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as well as gas dissolution.
Figure 5.128 - Figure 5.132 show the spatial distribution of pressure profile, mean stress,
volumetric strain, and gas saturation for the non-isothermal case. It is indicated that the
tendencies of these figures are the same with those in Section 5.7. Low temperature CO2
injection has a significant impact on the mechanical and thermal fields in the formation.
The mean stress and volumetric strain has change rapidly in the low temperature area in
Figure 5.130 and Figure 5.131. The temperature decreases to the temperature of cold CO2
injected within the two phase area in Figure 5.132.
Figure 5.133 and Figure 5.134 show the spatial distribution of dissolved concentration
of CO2(g) for both non-isothermal and isothermal cases. The CO2 dissolution only occurs
within the two phase area of CO2 and H2O coexisting. The maximum dissolved concentra-
tions of CO2(g) occur near the wellbore area with values of 2.32 mol/l for nonisothermal
case (Figure 5.133) and 1.75 mol/l for nonisothermal case (Figure 5.134). The magnitude
and tendency of dissolved concentration of CO2 gas are similar with the case in Section 5.7.
It is demonstrated that low temperature is favorable for supercritical CO2 dissolution into
the aqueous phase, and the mineral dissolution under equilibrium state does not have a
significant effect on CO2 dissolution.
Figure 5.135 shows the spatial distribution of equilibrium constant for CaCO3 dissolution
for non-isothermal case. The equilibrium constant is a function of temperature. In the
low temperature area, the value of log Keq increases to maximum value of 1.75. However,
the value of log Keq maintains 1.12 at the area with original temperature. The change of
equilibrium constant for CaCO3 results in different chemistry in the aqueous phase compared
with the isothermal case, especially for the dissolved concentration of CaCO3(s).
Figure 5.136 and Figure 5.137 show the spatial distribution of dissolved concentration
of CaCO3(s) for both non-isothermal and isothermal cases. The CaCO3(s) dissolution only
occurs within the two phase area of CO2 and H2O coexisting. The maximum dissolved
concentrations of CaCO3(s) occur near the wellbore area with values of 0.056 mol/l for
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nonisothermal case (Figure 5.136) and 0.026 mol/l for nonisothermal case (Figure 5.137).
The maximum dissolved concentration for the nonisothermal case is almost two times of
isothermal case. It is indicated that there are areas with high dissolution concentrations of
CaCO3(s) in Figure 5.136. These areas are under low temperature condition. Therefore, the
low temperature is favorable for both supercritical CO2 dissolution and CaCO3(s) dissolution
into the aqueous phase.
Figure 5.138 - Figure 5.139 show the spatial distribution of the pH value for both non-
isothermal and isothermal cases. The formation is acidized within the two phase area. The
pH value decreases to about 4.81 within the low temperature area for nonisothermal case
(Figure 5.138), and the pH value decreases to about 4.65 within the two phase area for
isothermal case (Figure 5.139). The isothermal case is more acidized than nonisothermal
case. Furthermore, the pH value in both cases is much higher than those in Section 5.7.
The cases in Section 5.7 are more acidized. In this case, the CaCO3(s) dissolution is taken
into account to evaluate the mutual effect of CO2(g) and CaCO3(s) dissolutions on the
chemistry change. The CO2 dissolution releases large amount of H
+, which is consumed by
the dissolution of CaCO3(s). Therefore, the case in this section is less acidized. Finally,
the pH values within the areas close to wellbore in isothermal case are higher than those in
isothermal case in Figure 5.138, especially within 38 m of the wellbore after 1 year, 70 m
after 3years, 95 m after 5 years and 130 m after 10 years. Low temperature areas have larger
dissolved concentrations of CaCO3(s). More chemical species H
+ is consumed in these areas
for nonisothermal case. Therefore, pH value is higher in these areas in the nonisothermal
case.
Figure 5.140 - Figure 5.151 show the spatial distribution of the concentration of associate
chemical species for both CO2(g) and CaCO3(s) dissolutions in non-isothermal and isother-
mal cases. CO2(aq) and HCO
−
3 are the byproducts of CO2(g) dissolution. Figure 5.140 and
Figure 5.141 show the spatial distribution of concentration of CO2(aq) for both cases. The
maximum concentrations of CO2(aq) are 2.15 mol/l for nonisothermal case and 1.69 mol/l
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for isothermal case. The magnitudes of these values are similar with those in Figure 5.120
and Figure 5.121 of Section 5.7. It is indicated that the CaCO3(s) dissolution does not have
a significant impact on the concentration of CO2(aq) for CO2(g) dissolution. Furthermore,
Figure 5.142 and Figure 5.143 show the spatial distribution of concentration of HCO−3 for
both cases. The maximum concentrations of HCO−3 are 0.095 mol/l for nonisothermal case
and 0.050 mol/l for isothermal case. In the low temperature area, the concentrations of
HCO−3 are higher than those in isothermal case. However, The magnitudes of these values
are much bigger than those in Figure 5.122 and Figure 5.123 of Section 5.7. The maximum
concentrations of HCO−3 are 0.0015 mol/l for nonisothermal case (Figure 5.122) and 0.0010
mol/l for isothermal case (Figure 5.123) in Section 5.7. The values in these cases are about
six times of those in Section 5.7. The concentration of HCO−3 comes from both CO2(g) and
CaCO3(s) dissolutions. It is obvious that majority of the HCO
−
3 is released by CaCO3(s)
dissolutions.
Figure 5.144 and Figure 5.145 show the spatial distribution of concentrations of Ca2+ for
both cases. The maximum concentrations of Ca2+ are 0.040 mol/l for nonisothermal case
and 0.022 mol/l for isothermal case. In the low temperature area, the concentrations of Ca2+
are higher than those in isothermal case. Figure 5.146 and Figure 5.147 show the spatial
distribution of concentration of CaHCO+3 for both cases. The maximum concentrations of
CaHCO+3 are 0.014 mol/l for nonisothermal case and 0.0069 mol/l for isothermal case. In the
low temperature area, the concentrations of CaHCO+3 are higher than those in isothermal
case. In addition, Figure 5.146 - Figure 5.151 show the spatial distribution of concentrations
of CaOH+ and CO2−3 for both cases. It is concluded that only small amounts of these two
chemical species are released into the aqueous phase.
Table 5.17: Initial total concentrations for primary chemical species
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Figure 5.128: Pressure evolution subjected to low temperature supercritical CO2 injection
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Figure 5.129: CO2 gas saturation evolution subjected to low temperature supercritical CO2
injection
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Figure 5.130: Mean stress evolution subjected to low temperature supercritical CO2 injection
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Figure 5.131: Volumetric strain evolution subjected to low temperature supercritical CO2
injection
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Figure 5.132: Temperature evolution subjected to low temperature supercritical CO2 injec-
tion
252







 1  y e a r
 3  y e a r
 5  y e a r
 1 0  y e a r

















Figure 5.133: Dissolved concentration of CO2(g) in aqueous phase for nonisothermal case
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Figure 5.134: Dissolved concentration of CO2(g) in aqueous phase for isothermal case
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Figure 5.135: Equilibrium constant of calcite (CaCO3) subjected to low temperature super-
critical CO2 injection
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Figure 5.136: Concentration of dissolved CaCO3(s) subjected to low temperature supercrit-
ical CO2 injection
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Figure 5.137: Concentration of dissolved CaCO3(s) subjected to supercritical CO2 injection
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Figure 5.138: pH value evolution subjected to low temperature supercritical CO2 injection
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Figure 5.139: pH value evolution subjected to supercritical CO2 injection
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Figure 5.140: Concentration of aqueous CO2(aq) subjected to low temperature supercritical
CO2 injection
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Figure 5.141: Concentration of aqueous CO2(aq) subjected to supercritical CO2 injection
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Figure 5.142: Concentration of bicarbonate ion (HCO−3 ) subjected to low temperature su-
percritical CO2 injection
5.9 THMC Model with Kinetic Chemical Reactions
The objective of this THMC model is to evaluate the effects of CO2 gas dissolution
and kinetic reactions on the THMC processes of CO2 geo-sequestration. In this case, the
chemical reaction system includes the dissolution and precipitation of multiple minerals
(calcite, kaolinite and anorthite). This chemical reactions in this model includes not only
equilibrium dissolutions of gas and mineral but also kinetic dissolutions and precipitations of
minerals. All the chemical reaction are between gaseous CO2 and water, and between solid
mineral and water.
5.9.1 Model Description
A 1D numerical model is subjected to large amount of CO2 injection with low tempera-
ture. Gaseous CO2 with a temperature of 32
◦C is injected into the model. The hydrological
and mechanical parameters in this model is the same with the one in Sections 5.7 and 5.8.
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Figure 5.143: Concentration of bicarbonate ion (HCO−3 ) subjected to supercritical CO2
injection
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Figure 5.144: Concentration of calcium ion (Ca2+) subjected to low temperature supercritical
CO2 injection
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Figure 5.145: Concentration of calcium ion (Ca2+) subjected to supercritical CO2 injection
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Figure 5.146: Concentration of calcium bicarbonate ion (CaHCO+3 ) subjected to low tem-
perature supercritical CO2 injection
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Figure 5.147: Concentration of calcium bicarbonate ion (CaHCO+3 ) subjected to supercritical
CO2 injection
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Figure 5.148: Concentration of calcium hydroxide ion (CaOH+) subjected to low temperature
supercritical CO2 injection
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Figure 5.149: Concentration of calcium hydroxide ion (CaOH+) subjected to supercritical
CO2 injection
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Figure 5.150: Concentration of carbonate ion (CO2−3 ) subjected to low temperature super-
critical CO2 injection
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Figure 5.151: Concentration of carbonate ion (CO2−3 ) subjected to supercritical CO2 injection
The initial concentrations of the primary chemical species in this model is given in Table 5.18.
For the geochemical parameters, the initial volume fraction of CaCO3(s) in the rock is 5.88
percent and the CaCO3(s) dissolution/precipitation is set to be in equilibrium. The initial
volume fractions of kaolinite and anorthite in the rock are 5.76 percent and 5.88 percent.
The dissolution/precipitation of kaolinite and anorthite are set to be in kinetic condition.
The other 82.48 percent is treated as unreactive minerals. The supercritical CO2 is injected
for 10 yeas and sequestrated for 800 years. This THMC model is to evaluate the thermal
effects on the long term CO2 sequestration, the effects of kinetic reaction on the dissolution
of supercritical CO2.
All of the aqueous chemical reactions involved in this geochemical system are set to be
equilibrium. The system includes twelve equilibrium chemical reactions for secondary aque-
ous complex: water (H2O) dissociation with hydrogen ion (H
+) and hydroxyl ion (OH−);
bicarbonate radical (HCO−3 ) dissociation with carbonate radical (CO
2−
3 ) and hydrogen ion
(H+); carbonic acid (H2CO3) dissociation with water (H2O) and aqueous CO2 (CO2(aq));
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aqueous calcium carbonate (CaCO3(aq)) dissociation with calcium ion (Ca
2+), bicarbon-
ate radical (HCO−3 ) and hydrogen ion (H
+); calcium bicarbonate ion (CaHCO+3 ) disso-
ciation with calcium ion (Ca2+) and bicarbonate radical (HCO−3 ); calcium hydroxide ion
(CaOH+) dissociation with calcium ion (Ca2+), water (H2O) and hydrogen ion (H
+); alu-
minum ion (Al3+) dissociation with hydrogen ion (H+), water (H2O) and aluminum oxide
ion (AlO−2 ); aluminic acid (HAlO2(aq)) dissociation with hydrogen ion (H
+) and aluminum
oxide ion (AlO−2 ); aluminium hydroxide ion (AlOH
2+) dissociation with hydrogen ion (H+),
water(H2O) and aluminum oxide ion (AlO
−
2 ); aluminium hydroxide ion (Al(OH)
+
2 ) disso-
ciation with hydrogen ion (H+) and aluminum oxide ion (AlO−2 ); aluminium hydroxide
(Al(OH)3(aq)) with hydrogen ion (H
+), water(H2O) and aluminum oxide ion (AlO
−
2 ). One
equilibrium chemical reaction for CO2 dissolution into aqueous phase forming carbonic acid
(H2CO3), which break into bicarbonate radical (HCO
−
3 ) and hydrogen ion (H
+), one equilib-
rium chemical reaction for calcite dissolution into aqueous phase forming calcium ion (Ca2+),
bicarbonate radical (HCO−3 ) and hydrogen ion (H
+), one kinetic chemical reaction for kaolin-
ite dissolution or precipitation into aqueous phase forming hydrogen ion (H+), water (H2O),
aqueous silicate (SiO2(aq)) and aluminum oxide ion (AlO
−
2 ), one kinetic chemical reaction
for anorthite dissolution or precipitation into aqueous phase forming calcium ion (Ca2+),
aqueous silicate (SiO2(aq)) and aluminum oxide ion (AlO
−
2 ).
The twelve chemical equations, occurring in aqueous phase under equilibrium state, are
as follows:
1. OH– −−⇀↽− H2O−H+
2. CO2–3 −−⇀↽− HCO–3−H+
3. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
4. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
5. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
6. CaOH+ −−⇀↽− Ca2+ + H2O−H+
7. Al3+ −−⇀↽− 4 H+ + AlO–2−2 H2O
264
8. HAlO2(aq) −−⇀↽− H+ + AlO–2
9. AlOH2+ −−⇀↽− 3 H+−H2O + AlO–2
10. Al(OH)+2 −−⇀↽− 2 H
+ + AlO–2





−−⇀↽− SiO2(aq)−H+ + 2 H2O
The gas dissolution, occurring between gaseous and aqueous phases under equilibrium
state, is given by:
13. CO2(g) −−⇀↽− HCO–3 + H+−H2O
The calcite dissolution or precipitation, occurring between solid and aqueous phases under
equilibrium state, is given by:
14. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
The kaolinite dissolution or precipitation, occurring between solid and aqueous phases
under kinetic state, is given by:
15. Al2Si2O5(OH)4 ←→ 2 H
+ + 2 SiO2(aq) + H2O + 2 AlO
–
2
The anorthite dissolution or precipitation, occurring between solid and aqueous phases
under kinetic state, is given by:
16. Ca(Al2Si2O8)←→ Ca
2+ + 2 SiO2(aq) + 2 AlO
–
2
From the chemical reaction equations above mentioned, there are six primary chemical
species (H2O, H
+, HCO−3 , Ca
2+, SiO2 and AlO
−
2 ) that can represent the total mass or
mole in the chemical reaction system of gaseous CO2 dissolution and mineral dissolution/-
precipitation, in which there are twelve aqueous equilibrium reactions, one gas dissolution
into aqueous phase under equilibrium condition, one mineral dissolution into aqueous phase
under equilibrium condition, and two mineral dissolution or precipitation into aqueous phase
under kinetic condition. The twelve aqueous chemical complex chemical reactions are con-
trolled by aqueous equilibrium constant, the CO2 gas dissolution is controlled by partial
pressure and fugacity coefficient, and the calcite dissolution is controlled by equilibrium
constant for mineral dissolution, the kaolinite dissolution/precipitation and the anorthite
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dissolution/precipitation are controlled by kinetic reaction rate.
The fluid and heat flow, solute transport, geomechanics and geochemistry during CO2
sequestration are simulated in the fully coupled numerical model. The geochemical system
is a kinetic reaction system (H2O(l)-CO2(g)-CaCO3(s)-Al2Si2O5(OH)4(s)- Ca(Al2Si2O8)(s)),
including the equilibrium and kinetic reactions among three phases. Geochemical reactions
are fully accounted for by including speciation in the aqueous phase, CO2 gas and calcite
dissolutions into the aqueous phase, and kaolinite and anorthite dissolution/precipitation
into aqueous phase. All of the potential chemical reactions occurring in aqueous phase are
set to be equilibrium. The six primary aqueous species (H2O, H
+, HCO−3 , Ca
2+, SiO2 and
AlO−2 ), one primary gaseous species (CO2(g)) and three primary mineral species (CaCO3(s),
Al2Si2O5(OH)4(s), and Ca(Al2Si2O8)(s)) are selected to represent this chemical reaction sys-
tem, there are nine governing equations, of which seven mass balance equations for all the
primary chemical species, one gas saturation index equation to solve dissolution concentra-
tion of CO2 gas, and one mineral saturation index equation to solve dissolution concentration
of CaCO3(s). In addition, one energy balance equation is to solve temperature, and one mo-
mentum balance equation to solve mean stress. The equation system includes eleven main
equations which can represent the THMC system (CO2 dissolution + calcite dissolution +
kaolinite dissolution/precipitation + anorthite dissolution/precipitation) numerically. The
detailed derivation of this THMC model is given in Appendix K.
5.9.2 Fully Coupled THMC Solution
For the THMC model, two scenarios for this THMC model is conducted: the first one
under non-isothermal condition, and the second one is isothermal condition. Two kinetic
chemical reactions (dissolution/precipitation of anorthite and kaolinite) have been introduced
into this THMC model. The kinetic chemical reaction dominates the chemical reaction
during long term CO2 sequestration, and changes the aqueous and solid chemistry. The
difference between this THMC model and the one in Section 5.8 is the mineral compositions:
anorthite and kaolinite. The chemical reactions of these two minerals mainly occur in the
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storage period. Through the simulation results of this model, It has been found that the
pressure, mean stress, volumetric strain and gas saturation share the similar values and
features with the model in Section 5.8. Therefore, the chemical and thermal effects in the
long term storage period of 800 years are discussed below.
Figure 5.152 - Figure 5.157 show the volume fraction change profile for rock minerals
during 800 years’ storage period for both non-isothermal and isothermal cases. It is obvious
that anorthite tends to dissolved to the maximum amount after 800 years, and koalinite
and calcite tend to precipitate to the maximum amounts after 800 years. Figure 5.152 and
Figure 5.153 show the volume fraction change profile of anorthite during 800 years’ storage
period for both cases. It is obvious that the volume fractions of anorthite dissolved into
the mineral phase achieve the maximum values (about 4 percent) in the area with high
temperature. However, the volume fractions of anorthite dissolved into mineral phase is
only a small amount in the areas with low temperature. The volume fraction of anorthite
only decreases by 0.6 percent at the injection point (Figure 5.152) after 800 years, but the
volume fraction of anorthite decreases by 3.75 percent at the injection point (Figure 5.153)
after 800 years for the isothermal case. Figure 5.153 shows that the volume fractions of
anorthite precipitated into mineral phase are larger in the areas near wellbore for isothermal
case. In addition, Figure 5.154 and Figure 5.155 show the the volume fraction change profile
of calcite during 800 years’ storage period for both cases. At the injection period, the calcite
tends to dissolved into the aqueous phase, as shown in Figure 5.136 and Figure 5.137 of
Section 5.8. It is an equilibrium chemical reaction controlled by equilibrium constant. The
chemical species of Ca2+ and HCO−3 is not supersaturated at the injection period due to the
short time period. With time increasing, kinetic chemical reaction dominates the chemical
system. These two chemical species become supersaturated after the dissolution of anorthite.
It is obvious that the calcite precipitates into mineral phase in Figure 5.154 and Figure 5.155.
It is obvious that the volume fractions of calcite precipitated into the mineral phase achieve
the maximum values (about 4 percent) in the area with high temperature. However, the
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volume fractions of calcite precipitated into mineral phase is only a small amount (less than 2
percent) in the areas with low temperature. Finally, Figure 5.156 and Figure 5.157 show the
the volume fraction change profile of kaolinite during 800 years’ storage period for both cases.
The volume fractions of kaolinite precipitated into the mineral phase achieve the maximum
values (about 4 percent) in the area with high temperature. However, the volume fractions
of kaolinite precipitated into mineral phase is only a small amount (less than 7 percent) in
the areas with low temperature. the features of Figure 5.156 and Figure 5.157 are similar
with Figure 5.154 and Figure 5.155. Therefore, the thermal effect has a significant effect on
the evolution of rock compositions.
Figure 5.158 - Figure 5.162 show the kinetic reaction rate profiles for rock minerals during
800 years’ storage period for both non-isothermal and isothermal cases. For kinetic reac-
tion rate, positive value represents dissolution and negative value represents precipitation.
Figure 5.158 and Figure 5.159 show the kinetic reaction rate profile of anorthite dissolution
during 800 years’ storage period for both cases. It is indicated that the kinetic reaction rate
for anorthite dissolution reaches the maximum value of about 3.0 × 10−10 mol/kg H2O/s
in the areas with high temperature, and it is less than 0.5 × 10−10 mol/kg H2O/s within
about 500 m close to the wellbore areas (Figure 5.158). The kinetic reaction rate under high
temperature condition of 70 ◦C is six times as that under low temperature condition of 30
◦C. Figure 5.159 shows the kinetic reaction rate of anorthite dissolution for isothermal case,
and its value is decreasing along the horizontal distance. In addition, Figure 5.160 show the
equilibrium constant profile of calcite precipitation during 800 years’ storage period. The
logarithmic values of the equilibrium constants are decreasing with time increasing in the
area of 500 m close to the wellbore. Finally, Figure 5.161 and Figure 5.162 show the kinetic
reaction rate profile of kaolinite precipitation during 800 years’ storage period for both cases.
It is shown in Figure 5.161 the kinetic reaction rate for kaolinite precipitation reaches the
maximum value of about 3.0 × 10−10 mol/kg H2O/s in the areas with high temperature, and
it is less than 0.3 × 10−10 mol/kg H2O/s within about 400 m close to the wellbore areas.
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Figure 5.162 shows the kinetic reaction rate of kaolinite precipitation for isothermal case,
and its value of kinetic reaction rate is decreasing along the horizontal distance.
Figure 5.153, Figure 5.155, Figure 5.157 show the volume faction change profiles of anor-
thite, calcite and kaolinite during 800 years’ storage period for isothermal case. Figure 5.159
and Figure 5.162 show the kinetic reaction rate profiles of anorthite and kaolinite during 800
years’ storage period for isothermal case. It is indicated that the absolute value of volume
fraction change for these minerals are smaller within 400 m of wellbore than the far areas.
However, the kinetic reaction rates for anorthite and kaolinite tend to be larger in the well-
bore area. The unit of kinetic reaction rate is in mol/kg H2O/s, and the supercritical CO2
is highly saturated in the wellbore areas. The amount of water near wellbore area is less
than the far areas. Therefore, there is not much rock minerals dissolved/precipitated near
wellbore, even though the kinetic reaction rate is larger in the area near wellbore.
Figure 5.163 and Figure 5.164 show the spatial distribution of precipitated concentration
of CaCO3(s) for both non-isothermal and isothermal cases. It means how much mol of
CaCO3(aq) per liter H2O from aqueous phase precipitated into solid phase. Figure 5.163
shows that the amount of CaCO3(aq) precipitated into aqueous phase in the area with
low temperature is smaller than the other areas during 800 years’ storage period. The
kinetic reaction starts to dominate the chemical reaction system during long term storage
period, and the kinetic reaction rate tend to be larger under high temperature condition.
Therefore, the CaCO3(aq) precipitated faster in the areas with high temperature, resulting
a larger precipitated concentration of CaCO3(s). Figure 5.164 shows that the precipitated
concentration of CaCO3(s) is decreasing along horizontal distance.
Figure 5.165 and Figure 5.166 show the spatial distribution of dissolved concentration
of CO2(g) for both non-isothermal and isothermal cases. The CO2 dissolution only occurs
within the two phase area of CO2 and H2O coexisting. Figure 5.165 shows that the amount
of CO2 dissolved into aqueous phase in the area with low temperature is larger than the
other areas at 50 years’ storage period, after that, it becomes smaller than the other areas
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with time increasing. The kinetic reaction starts to dominate the chemical reaction system
during long term storage period, and the kinetic reaction rate tend to be larger under high
temperature condition. Therefore, the supercritical CO2 dissolved faster to supply HCO
−
3
for calcite precipitation. Figure 5.166 shows that the dissolved concentration of CO2(g) is
decreasing along horizontal distance.
Figure 5.167 - Figure 5.170 show the concentration profiles of primary chemical species
(Ca2+, HCO−3 , SiO2(aq), and AlO
−
2 ) for nonisothermal case during 800 years’ storage period.
It is indicated that the concentration of primary chemical species are decreasing with time
increasing. The kinetic reaction starts to dominate the chemical reaction system after 50
years’ storage period. The precipitations of calcite and kaolinite result in the decreasing
of primary chemical species. The concentrations of Ca2+ and HCO−3 are decreasing mainly
near the well bore areas (Figure 5.167 and Figure 5.168). The concentrations of SiO2(aq)
and AlO−2 are decreasing mainly in the far areas beyond the well bore areas (Figure 5.169
and Figure 5.170).
Table 5.18: Initial total concentrations for primary chemical species
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Figure 5.152: Volume fraction change of anorthite subjected to low temperature supercritical
CO2 injection
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Figure 5.153: Volume fraction change of anorthite subjected to supercritical CO2 injection
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Figure 5.154: Volume fraction change of calcite subjected to low temperature supercritical
CO2 injection
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Figure 5.155: Volume fraction change of calcite subjected to supercritical CO2 injection
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Figure 5.156: Volume fraction change of kaolinite subjected to low temperature supercritical
CO2 injection
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Figure 5.157: Volume fraction change of kaolinite subjected to supercritical CO2 injection
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Figure 5.158: Kinetic reaction rate of anorthite subjected to low temperature supercritical
CO2 injection
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Figure 5.159: Kinetic reaction rate of anorthite subjected to supercritical CO2 injection
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Figure 5.160: Equilibrium constant of calcite subjected to low temperature supercritical CO2
injection
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Figure 5.161: Kinetic reaction rate of kaolinite subjected to low temperature supercritical
CO2 injection
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Figure 5.162: Kinetic reaction rate of kaolinite subjected to supercritical CO2 injection
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Figure 5.163: Dissolution/precipitation concentration of calcite subjected to low temperature
supercritical CO2 injection
276
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0




















 5 0  y e a r s
 1 0 0  y e a r s
 2 0 0  y e a r s
 3 0 0  y e a r s
 5 0 0  y e a r s
 8 0 0  y e a r s























Figure 5.164: Dissolution/precipitation concentration of calcite subjected to supercritical
CO2 injection
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Figure 5.165: Dissolution concentration of CO2(g) subjected to low temperature supercritical
CO2 injection
277
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0
- 4 . 0
- 3 . 5
- 3 . 0
- 2 . 5
- 2 . 0
- 1 . 5
- 1 . 0




 5 0  y e a r s
 1 0 0  y e a r s
 2 0 0  y e a r s
 3 0 0  y e a r s
 5 0 0  y e a r s
 8 0 0  y e a r s


















Figure 5.166: Dissolution concentration of CO2(g) subjected to supercritical CO2 injection
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Figure 5.167: Concentration of calcium ion (Ca2+) subjected to low temperature supercritical
CO2 injection
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Figure 5.168: Concentration of bicarbonate ion (HCO−3 ) subjected to low temperature su-
percritical CO2 injection
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Figure 5.169: Concentration of aqueous silicate (SiO2(aq)) subjected to low temperature
supercritical CO2 injection
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The significance of THMC process interactions during CO2 geo-sequestration has been
well recognized in the perspectives of field scale and pore scale. Chemical reaction is the most
complex process among the THMC processes. The geochemical compositions of formation
rock, initial chemical concentrations of brine solution in saline aquifer, equilibrium constants,
kinetic rate constants in the CO2 geo-sequestration sites from available data were put in
three groups (sandstone, carbonate and clay), based on the available data in the existing
numerical simulation studies. In addition, the rock minerals, which play a major key role in
the trapping mechanisms, are identified.
A novel mathematical model of the THMC processes is developed. Two computational
frameworks, sequentially coupled and fully coupled, are proposed and used to simulate reac-
tive transport of supercritical CO2 in subsurface formation with geo-mechanics. The novel
frameworks are designed to keep a generalized computational structure, which can be easily
applied for the numerical simulation of other THMC processes.
The capabilities of the THMC models to treat complex THMC processes during CO2
sequestration are verified by four analytical solutions: (1) 1D reactive transport under equi-
librium condition, (2) 1D reactive transport under kinetic condition, (3) 1D heat conduc-
tion, and (4) 1D consolidation. The solution results indicated that the numerical solutions
matched well with analytical solutions.
Finally, nine reactive transport models are presented to analyze the THMC process quan-
titatively, especially the coupled effects of geo-chemical reactions and geo-mechanics on CO2
geo-sequestration, the long term fate of CO2 and its sensitivity mineralogical compositions
with respect to key minerals. The numerical simulation results have indicated that
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• Important geochemical reactions leading to favorable mineral trapping of CO2 include
dissolution of plagioclase feldspar and chlorite minerals, which release large amounts of
chemical species Fe2+, Mg2+, Na+, AlO−2 and SiO2(aq), the precipitations of carbonate
and silicate minerals, such as dawsonite, albite and ankerite, which combine metal ions
with bicarbonate together to consume more supercritical CO2 gas. The long term fate
of supercritical CO2 under the subsurface is to be sequestrated in the rock mineral
permanently in the forms of carbonate minerals.
• In terms of the efficacy for the trapping mechanisms, structural trapping is the dom-
inated mechanism during supercritical CO2 injection period, and mineral trapping
dominates during long term storage period. In a typical sandstone formation, with 60
percent quartz, 30 percent plagioclase feldspar minerals, 5 percent chlorite minerals,
and 5 percent clay minerals, the efficacy of solubility trapping is 20 percent at the
early injection period, which decreases to 12 percent after 10,000 years; the efficacy of
mineral trapping is zero percent at early injection period, which increases to 65 percent
after 10,000 years.
• Rock mineral compositions of the potential formation of CO2 geo-sequestration play a
significant role on the geochemical behavior of supercritical CO2, trapping mechanism
and their efficacies. Oligoclase is a key rock mineral as a representative of plagioclase
feldspar minerals, which are the common rock forming minerals in sandstone. The
efficacy of mineral trapping increases with the increasing volume fraction of oligoclase.
In sandstone aquifer, the efficacy of mineral trapping increases by 5 percent when the
volume fraction of oligoclase increases by 50 percent, but it decreases by 25 percent
when there is no oligoclase in the rock composition.
• For the formation with heterogeneous domains(upper caprock, middle caprock, saline
aquifer and lower bedrock), pore pressure and mean stress increase significantly under
the middle caprock, that may lead to rock failure. The upward migration of supercrit-
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ical CO2 speeds up through permeable faults, created by geomechanical permeability
and porosity increase. The mineral trapping of supercritical CO2 mainly occurs in
upper caprock saline aquifer. The possibility of chemical reaction is reduced due to the
small permeability and porosity of middle caprock and the small amounts of saturated
water in middle caprock.
• For the coupled THMC processes during the CO2 geo-sequestration, the geochemical
reactions do not have significant impact on pore pressure, mean stress and temperature.
But, the thermal energy transport affects the mean stress and geochemical reactions
in the saline aquifer, especially for cold CO2 injection into deep saline aquifer. Low
temperature accelerates equilibrium dissolution of gas and mineral, but slows down
kinetic dissolution/precipitation of minerals, such as anorthite and kaolinite.
• After cold supercritical CO2 (32 ◦C) injection into saline aquifer (75 ◦C), the area
within 600 m become low temperature zone. In the low temperature zone, the dis-
solved concentration of CO2 increases by 30 percent under equilibrium condition, and
the dissolved concentration of calcite increases by 100 percent under equilibrium condi-
tion. During long term CO2 geo-sequestration, the kinetic chemical reactions dominate
the chemical reaction pathway for supercritical CO2. The kinetic reaction rates for min-
eral dissolution and precipitation become lower and lower with time increasing during
storage period, because the geochemical reaction system reach equilibrium within long
term period. The rock minerals at the interface of two phase zone and water zone react
significantly and rapidly under kinetic conditions. When anorthite (a typical mineral
of plagioclase group) and kaolinite (a typical mineral of clay minerals) are present in




Based on the limitations of the sequentially and fully coupled THMC models, the follow-
ing items are proposed for future work:
• The geomechanics subjected to supercritical CO2 gas injection is described by mean
stress equation in current model, which is a simplified geomechanical model. The
vertical mean stress can be obtained by our THMC models. The shear stress resulted
from the stresses in the three principal directions can not be simulated in these models,
the shear stress is an important variable to analyze the rock failure and fracture creation
in the target saline aquifer subjected to supercritical CO2 injection. Future work may
focus on the coupled process with shear stress calculation.
• The current THMC models could not investigate the direct relationship between geo-
chemical reaction and geomechanics. Geochemical reaction has indirect effects on the
mean stress by the permeability and porosity change. Mineral dissolution leads to per-
meability and porosity increase. But the dissolution of minerals is small during CO2
injection period, the effect can be ignored. However, the geochemical reaction may have
a direct impact on the Young’s modulus or other geomechanical properties, which is
proposed by other researchers. The relationship between chemical reactions (under
equilibrium/kinetic conditions) and geomechanical properties may be quantitatively
analyzed by experimental work, then implemented into the THMC models.
• The geochemical reactions involved in CO2 geo-sequestration are very broad, chemical
equilibrium and kinetic reaction are fully taken into account in current THMC models.
However, there may be other aqueous geochemical reactions such as acid-base, redox,
cation exchange and surface complexation, and nonaqueous geochemical reactions such
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as carbonate mineral alternation under the non-aqueous environment of supercritical
CO2 during long term geo-sequestration. Future work may focus on the coupled process
with these kinds of geochemical reactions.
• The parameters related to kinetic reaction rate in these THMC simulations are from
the previous study by by Xu et al. (2004c, 2010). However, the parameters of ki-
netic reaction rate for mineral dissolution and precipitation vary greatly in different
geochemical studies. Furthermore, the experimental data for kinetic reaction is not ac-
curate due to the limitations in the laboratory. Therefore, it is necessary to investigate
the current THMC simulation example problems with variable parameters related to
kinetic reaction rate in the future.
• The current THMC simulations are conceptual models with hypothetical geomechan-
ical and geochemical properties from the literature. It may not reflect the real condi-
tions in the CO2 geo-sequestration sites. It is necessary to quantitatively investigate
the THMC problem for a saline aquifer under real conditions with both geomechamical
and geochemical effects.
• The geochemical reactions for water-gas-rock are assumed to be homogeneous in the
current THMC simulation problems. However, the chemical reactions are heteroge-
neous due to the heterogeneity of rock minerals in the saline aquifer. The way to
implement the chemical reaction in the target saline aquifer needs to be investigated
to simulate the geochemical reactions under real condition.
• The efficacy of mineral trapping is related to the rock mineral compositions, especially
the volume fraction of plagioclase feldspar minerals. This key factor for the mineral
trapping were quantitatively analyzed by the current THMC models. The other factors
such as surface reactive areas for rock minerals, kinetic reaction rate constant, initial
concentration of chemical species in saline aquifer may be addressed by the future
THMC simulations.
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• The 2D layered conceptual model was simulated by the sequentially coupled simulator.
The assumption was that the rock compositions were identical across the four different
layers. In fact, the rock compositions in the caprock and in the saline aquifer are differ-
ent. Simulation with layer-to-layer variations in the rock composition is possible, but
will take much more computational time because of slow convergence. The reactivity
of the upper caprock may be addressed well by means of heterogeneous domains with
different rock minerals.
• The current model is validated with analytical solution, and the results match well
between numerical and analytical solutions. Future work may focus on the validation
and comparison with experimental or field data.
• In this research, the sequential coupled THMC model is used to simulate relatively
large 2D problem with complex chemical reactions, the fully coupled THMC model
is applied for 1D small scale problem. In the perspective of numerical algorithm, the
convergence of the fully coupled model is slower than the sequentially coupled model
when the chemical reactions become complex. The kinetic reaction rate for different
chemical species varies significantly. The time step needed must be sufficiently small
to capture the various time scale. Parallel computing will solve this problem.
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APPENDIX A - DERIVATION OF MEAN STRESS EQUATION
This new coupling assumes that boundaries of each element can move as an elastic mate-
rial and obey the generalized Hooke’s law. The change of mean total stress (∆τm) is selected
as an additional primary variable.
Under the assumption of linear elastic with small strain for thermo-poro-elastic system,
the equilibrium equation can be expressed in three dimensional as follows (Jaeger et al. 2009,
Winterfeld & Wu 2012)
τkk − (αp+ 3βK(T − Tref)) = 2Gεkk + λ(εxx + εyy + εzz) k = x, y, z (A.1)
where τ is the normal stress, α is the Biot’s coefficient, p is the pore pressure, β is the
linear thermal expansion coefficient, K is the bulk modulus, F is body force, λ is the Lame’s
constant, G is the shear modulus, and ε is the strain. The subscript k stands for the directions,
T is reference temperature, Tref is reference temperature for a thermally unstrained state.






εv = τm − (αp+ 3βK(T − Tref)) (A.2)
where τm and εv are the mean normal stress and volumetric strain, respectively.
The fundamental relation in the theory of linear elasticity is the relation between strain
tensor and the displacement vector, u. The displacement vector points from the new position




















(k, j) = x, y, z (A.4)
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The equations of stress equilibrium are derived from a force balance on a differential









+ Fk = 0 k = x, y, z (A.5)
where FK is k-direction body force (gravity).
Eq.A.5 can be also rewritten as
∇ · τ̄ + F̄ = 0 (A.6)
where τ̄ is the stress tensor, and F̄ is the body force vector.




























































+ Fz = 0 (A.9)
Substituting Eq. A.3 into Eqs. A.7-A.9, the equations for x, y and z directions in terms






































































































+ Fz = 0
(A.12)






























































































Eqs. A.13- A.15 can be expressed in vector notation as
α∇p+ 3βK∇T + (λ+G)∇(∇ · ū) +G∇2ū+ F̄ = 0 (A.16)
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which is the thermo-poro-elastic Navier equations.
Eq. A.16 has two terms with the displacement vector, then taking the partial derivatives






































































































































































































































Eqs. A.20 can be written as the following equation with only one term of displacement
vector.
α∇2p+ 3βK∇2T + (λ+ 2G)∇2(∇ · ū) +∇ · F̄ = 0 (A.21)
The divergence of the displacement vector is the volumetric strain








= εxx + εyy + εzz = εv (A.22)
Combining Eq. A.2 and Eq. A.22, yields:
∇ · ū = εv =






Substituting Eq. A.22 and A.23 into Eq. A.21 yields





∇2 (τm − αP + 3βK(T − Tref)) +∇ · F̄ = 0 (A.24)
















(α∇2p+ 3βK∇2T ) +∇ · F̄ = 0 (A.26)
Eq. A.26 is the governing geomechanical equation for the fully coupled simulator and
the mean normal stress is the additional primary variables in parallel to pore pressure, con-
centration of primary species, and temperature variables. The volumetric strain is another
geomechanical variable, which can be solved with the relationship of Eq. A.23.
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APPENDIX B - PHASE EQUILIBRIUM CALCULATION PROCEDURE
For the phase equilibrium calculation, I still use the non-iterative approach (Spycher
et al. 2003) of TOUGH ECO2N module (Pruess 2005). The mutual solubilities of H2O and
CO2 in the two coexisting phase is calculated by equating the chemical potentials. These
solubilities are expressed by the mole fractions of CO2 in liquid phase and H2O in gas phase.
The equilibrium of phases can be expressed by the relationship of equilibrium constant and
fugacity:














where K are equilibrium constants, fi and φi are the fugacity and fugacity coefficient of the
gas components, a are the activities of components in the aqueous phase, Yi is mole fraction
of component i in the gas phase, and Ptot is the total pressure.
The equilibrium constants for CO2 and H2O are dependent on temperature and pressure.
By taking pressure and temperature into account, the equilibrium constant can be expressed
as a polynomial function:








where Vi is the average partial molar volume of the pure condensed component i in the
pressure range from P0 to P , and P0 is a reference pressure.
In order to solve the mole fractions of H2O and CO2, some assumption has been applied
to the activities of H2O and CO2 (Spycher et al. 2003). The solubility of CO2 in aqueous
phase is relatively small at the pressure and temperature of interest. According to Raoultos
law, the water activity (aH2O) can be equal to its mole fraction in the aqueous phase. For
a system where H2O and CO2 are the only two components, XH2O is directly calculated as
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The activity of CO2 in aqueous phase needs to be transformed into other expression.
The activity coefficient shall be accounted in the activity calculation of aqueous CO2, i.e.,
aCO2 = γmCO2 , in which γ is activity coefficient and m is molality of aqueous CO2. For pure





. The mole fraction of aqueous CO2 can
be computed by XCO2 =
mCO2
mCO2 + 55.508












Eqns. B.4 and B.5 form a equation system, it contains two unknown variables (YH2O and



























Xaqu,CO2 = B(1− Ygas,H2O) (B.9)
The above calculation is for the CO2 solubility in pure water solution and H2O solubility in
CO2 gaseous phase. In the carbonate reservoir of interest, there are several chemical species
present after CO2 injection. The concentrations of ions in aqueous phase will influence the
solubility of CO2 in liquid phase, and the activity coefficient of aqueous CO2 is always used
to calibrate the solubility of CO2 in saline water.
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The equation of activity coefficient for aqueous CO2 in NaCl and other electrolyte solu-
tions has been derived in many studies (Duan & Sun 2003; Rumpf et al. 1994; He & Morse
1993; Barta & Bradley 1985; Nesbitt 1984; Cramer 1982; Drummond 1981). The compar-
isons of these different methods (Tsimpanogiannis et al. 1997) indicate that the correlation
developed by Duan & Sun (2003) can reproduce the experimental solubilities accurately in
a wide range of pressure. In our system, this correlation is used to calibrate the solubility
of CO2. The formulation of activity coefficient is a Pitzer formulation fitted to experimental
solubility data, such that
ln γ∗ = 2λ(mNa +mK + 2mCa + 2mMg) + ξmCl(mNa +mK +mCa +mMg)− 0.07mSO4 (B.10)
where λ and ξ are functions of temperature T and pressure P , T is in Kelvin (273− 533 K),
P is in bar (0 − 2000 bar), m are molalities for aqueous species (for ionic strength ranging
from 0 to 4.3 mole, but up to 6 mole NaCl and 4 mole CaCl2 in our P −T range of interest).





where X0CO2 is the aqueous CO2 molality in pure water at P and T and XCO2 is the aqueous
CO2 molality in a saline solution with a composition defined by mNa, mK, mCa, mMg, mCl
and mSO4 at the same P and T .
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APPENDIX C - DERIVATION OF CHEMICAL REACTION MODULE OF
SEQUENTIALLY COUPLED MODEL
In order to illustrate the derivation of the chemical reaction module in the sequential
coupled model for CO2 sequestration, a chemical reaction system is selected to show the
chemical equation in detail. This chemical reaction system includes H2O, CO2, CaCO3(s),
and CaSO4(s) under the equilibrium and kinetic condition. Geochemical reactions are fully
accounted for by including speciation in the aqueous phase, the gas dissolution and the min-
eral dissolution/precipitation into the aqueous phase. All the chemical reactions occurring
in the aqueous phase are set to be at equilibrium. Gypsum (CaSO4) dissolution is set to be
under equilibrium condition. Calcite (CaCO3) dissolution/precipitation is set to be under
kinetic condition.
First of all, the system includes all the potential chemical reactions in the (H2O-CO2-
CaCO3-CaSO4).It have twelve aqueous chemical reactions in equilibrium, one gas dissolution
and one calcite dissolution in equilibrium. Five chemical species are selected as primary
species (H2O, H
+, Ca2+, HCO−3 , and SO4). All the equations for the ten geochemical reac-
tions in this system are listed as follows:
Secondary chemical Species (Aqueous complexation in equilibrium):
1. OH– −−⇀↽− H2O−H+
2. CaCO3(aq) −−⇀↽− Ca2+−H+ + HCO–3
3. CaSO4(aq) −−⇀↽− Ca2+ + SO2–4
4. CaOH+ −−⇀↽− Ca2+ + H2O−H+
5. CaHCO+3 −−⇀↽− Ca2+ + HCO–3
6. CO2(aq) −−⇀↽− HCO–3 + H+−H2O
7. CO2–3 −−⇀↽− H+ + HCO–3
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Gas dissolution in equilibrium:
8. CO2(g) −−⇀↽− HCO–3 + H+−H2O
Gypsum dissolution in equilibrium:
9. CaSO4(s) −−⇀↽− Ca2+ + SO2–4
Calcite dissolution in kinetics:
10. CaCO3(s) −−⇀↽− Ca2+−H+ + HCO–3
In order to show the equation derivation, the number of aqueous reaction is reduced to
keep the first three aqueous complexation reaction, and ignore all the other aqueous complex-
ation reaction. Only three aqueous chemical species (OH−, CaCO3(aq), CaSO4(aq)) remain
in the simplified system. The aqueous chemical reactions, gypsum dissolution and gas dis-
solution are set in equilibrium state in the reaction system. The aqueous phase includes
aqueous chemical species. These chemical reactions are controlled by the chemical equilib-


























cCa2+γCa2+ · cSO2−4 γSO2−4
]
(C.3)
According to the mathematical relations between primary chemical species and secondary
chemical species in Eqs. C.1 - C.3, the mass or mole of secondary chemical species can be
represented by the primary chemical species. Therefore, the mass or mole of the whole
chemical reaction system can be represented by the primary chemical species, and the mass
or mole of the three secondary chemical species after simplification in the aqueous phase
can be summed to that of the five chemical species. The total concentrations of primary
chemical species can be given by:
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Total concentration of H2O comes from independent H2O and secondary chemical species
OH−:
CH2O = cH2O + cOH− (C.4)
Total concentration of H+ comes from independent H+, secondary chemical species OH−
and CaCO3(aq):
CH+ = cH+ − cOH− − cCaCO3(aq) (C.5)
Total concentration of Ca2+ comes from independent Ca2+, secondary chemical species
CaSO4(aq) and CaCO3(aq):
CCa2+ = cCa2+ + cCaCO3(aq) + cCaSO4(aq) (C.6)
Total concentration of HCO−3 comes from independent HCO
−






Total concentration of SO2−4 comes from independent SO
2−






The mole balance equations of the seven primary chemical species (H2O, H
+, Ca2+,
HCO−3 , SO4), and the two equations of constraints (saturation index of CO2(g) and CaSO4(s))
are given below:
The Mole balance equation of H2O:










The Mole balance equation of H+:

















The Mole balance equation of Ca2+:





































cCa2+γCa2+ · cSO2−4 γSO2−4
]
+ cCaSO4(s) (C.13)














The saturation index of CaSO4(s) dissolution:
FCaSO4(s) = log
[
K−1CaSO4(s)cCa2+γCa2+ · cSO2−4 γSO2−4
]
= 0 (C.15)




In terms of the different chemistry mechanism, dissolution and precipitation of minerals
are not only catalyzed by pure H2O (neutral mechanism), but also by H
+ (acid mechanism)













































Furthermore, the Newton-Raphson iteration is used to solve this chemical reaction mod-
ule, and the analytical solutions of the derivatives related to the primary variables (cH2O,
cH+ , cCa2+ , cHCO−3 , cCO2 , and cCaSO4) are always used in the module. The derivatives for
the mole balance equation actually are the derivatives of total concentration of the primary
chemical species. Here, the mole balance equations of Ca2+ and saturation index of CaSO4
are used as two examples to illustrate how to calculate the analytical derivatives. In terms
of cCa2+ , the derivation of mole balance equations of Ca





























The derivative of kinetic chemical reaction rate of CaCO3(s) related to the concentration























In terms of cH+ , the derivation of mole balance equations of Ca




















In Eq. C.20, the derivative of kinetic chemical reaction rate of CaCO3(s) related to the























(nH+ − 1) · a
(nH+−1)



















(nH+ − 1) · a
(nH+−1)





According to Eq. C.21, the analytical derivative of kinetic reaction rate is only related to
the saturation index, but also related to the kinetic reaction constant, which takes different
mechanisms (neutral, acid, and alkine) into account. The TOUGHREACT simulator (Xu
et al. 2004c) does not consider the contribution of kinetic reaction rate in the analytical
derivatives. Therefore, I give the complete derivation of the analytical derivatives of the
kinetic reaction rate, and it is already implemented into the sequential coupled model.




K−1CaSO4(s)γCa2+ · cSO2−4 γSO2−4





The Newton-Raphson iteration is used to solve this chemical reaction module, as shown




cCO2(g)) are selected to be solved in this module. The Jacobian matrix coefficient in the
equation system is as follows:
Table C.1: The Jacobian matrix index for the simplified chemical reaction system
H2O H
+ HCO−3 Ca
2+ SO2−4 CaSO4 CO2(g)
H2O × × ×
H+ × × × × ×
HCO−3 × × × ×
Ca2+ × × × × ×






2+ SO2−4 CaSO4 CO2(g)
CO2(g) × × × ×
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APPENDIX D - ANALYTICAL SOLUTION FOR EQUILIBRIUM MINERAL
DISSOLUTION
Consider 1D transport of two hypothetical species A and B which originate from the
dissolution of a mineral phase AB(s), AB(s)⇔ A + B, in a semi-infinite medium under a





















where cA and cB are concentrations of dissolved species A and B, v is pore water velocity,











The concentration difference of species A and B,
cB − cA = ψ (D.4)
The solution of Eq.D.3 in terms of this pseudo-conservative species ψ is given by Van Genuchten
& Alves (1982), as










































where ψ0 = ψ(0, 0) = cB(0, 0)− cA(0, 0), the concentration are at x = 0.
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Suppose the dissolved species A and B are at chemical equilibrium with the mineral
ABS. If concentrations of A and B are very small, their activity coefficients are close to one.
According to the Mass Action Law,
KAB = γAcA · γBcB (D.6)
where KAB is the equilibrium constant for dissolution of AB(s). By substituting Eq.D.4 into
Eq.D.6, then obtain
c2A + ψcA −KAB = 0 (D.7)
The solution of Eq.D.7 is as follows:
cA =
√




APPENDIX E - ANALYTICAL SOLUTION FOR KINETIC MINERAL DISSOLUTION
The conditions are similar to the previous equilibrium case except the mineral AB(s)
dissolution based on kinetics. According to the theory by Lasaga et al. (1994), the first
order kinetic dissolution rate, rAB takes the form
rAB = kABA
(




where kAB is the rate constant for kinetic dissolution/precipitation of mineral AB(s), A is
the specific reactive surface area, and KAB is the equilibrium constant.
The transport equations for dissolved species A and B can be solved for steady flow and
negligible dispersion (D = 0). Under these assumptions, Equations D.1 and D.2 can be
reduced to the following forms:
The transport equation for dissolved species A is given by
−v∂cA
∂x
+ rAB = 0 (E.2)
The transport equation for dissolved species B is given by
−v∂cB
∂x
+ rAB = 0 (E.3)




indicating that ψ = cB − cA remains constant. Let ψ0 be the value of (cB − cA) at x = 0.
Then, cA can be expressed as cA = cB − ψ0, and substituted into Eq.E.1,
rAB = kABA
(



































λ1 and λ2 are the roots of the following second-order polynomial equation (λ1 > λ2)
λ2 − ψ0λ−KAB = 0 (E.10)
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APPENDIX F - ANALYTICAL SOLUTION FOR 1D RADIAL HEAT CONDUCTION
PROBLEM














where T is temperature, K, r is radial coordinate, m, C is specific heat of medium, J/kg·K,
ρ is density of medium, kg/m3, K is heat conductivity of the medium, W/m·k, t is time, s.
Initial condition:
T (r, t = 0) = Ti (F.2)






where q is the heat flux, w or J/s. h is the thickness of the interested medium, w or J/s. ra
is the coordinate of heat injection point, m.
Outer Boundary Condition:
T (r →∞, t) = Ti (F.4)

















Substitute the dimensionless variables Eqs. F.5 - F.7 into the mathematical model Eqs. F.1 -



















|rD=1 = −1 (F.10)
Outer Boundary Condition:
TD(rD →∞, tD) = 0 (F.11)
The Laplace transformation is applied to the mathematical model of heat conduction,





where s is Laplace space variable.









− sT̄D = 0 (F.13)
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Initial condition:









T̄D(rD →∞, s) = 0 (F.16)















− T̄D = 0 (F.17)
The Eq.F.17 is the Modified Bessel Function, its general solution is as follows:





Where I0 and K0 is the Zero-Order Modified Bessel Function of First kind and Zero-Order





s) and K ′0 (rD
√
s) = −K1 (rD
√
s). A and B are constant, which can be solved by
applying the boundary conditions.






















s) = 0 (F.20)
When rD →∞, K0 (rD
√
s) tends to be 0, so A should be 0. The expression equation for










Therefore the general solution in Laplace space for the mathematical model of 1D radial












APPENDIX G - MODEL DERIVATION FOR BATCH REACTION WITH CHEMICAL
EQUILIBRIUM
The mass balance equations of the seven primary chemical species (CO2(gas), H2O, H
+,
Ca2+, Na+, HCO−3 , Cl
−), and the two equations of constraints (saturation index of CO2(g)





























































































The mass or mole of the secondary chemical complex can be represented by the primary
chemical species, as shown in the chemical reaction equations. So the total mass or mole of
each species can represent the total composition of the aqueous phase. The mass or mole of
the twelve secondary chemical species in the aqueous phase can be summed to that of the
six chemical species. The mathematical formula for the total mass or mole of each primary
species can be expressed as:





































































































































































































































The Newton-Raphson iteration is used to solve this fully coupled model, as shown in
Eqs. 3.34 - 3.36. Nine primary variables (p, cH2O, cH+ , cCa2+ , cHCO−3 , cNa
+ , cCl− , cCO2 , and
cCaCO3) are selected to be solved in this fully coupled model. The Jacobian matrix coefficient
in the equation system is as follows:

× × × × × ×
× × × × × × ×
× × × × × ×
× × × × ×
× × × × × × ×
× × ×
× × ×




























APPENDIX H - MODEL DERIVATION FOR CHEMICAL EQUILIBRIUM IN 1D
GEOCHEMICAL SYSTEM
The five mass balance equations for the primary species, and two chemical constraints of




























































































































κ = 1, ..., NC (H.8)
The mass or mole of the secondary aqueous complex can be represented by the primary
species, as shown in the chemical reaction equations. So the total mass or mole of each
primary species can represent the total compositions of the aqueous phase. The mass or
mole of the six secondary aqueous complexes in the aqueous phase can be added to that
of the six primary species. The mathematical formula for the total mass or mole of each
primary species can be expressed as:




































































































































Seven unknown variables are selected as the primary variable for the fully coupled reactive
solute transport model, i.e., p, cH+ , cCa2+ , cHCO−3 , Sg, RCaCO3(s) andRCO2(g). Newton-Raphson
iteration method is used to solve the equation system of the fully coupled reactive solute
transport model. The numerical derivatives of mass balance equations by each primary
variable forms Jacobian Matrix of the equation system. The incident matrix of one grid cell
is taken as an example to illustrate the Jacobian matrix setup, which is shown in Eq. H.13.
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
× × × × × × × × × × ×
× × × × × × × × × × × ×
× × × × × × × × × × × ×
× × × × × × × × × × ×
× × × × ×
× × ×
× × ×
× × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × ×
× × × × × × ×
× × ×
× × ×
× × × × × × × × × × ×
× × × × × × × × × × × ×
× × × × × × × × × × × ×
× × × × × × × × × × ×





















































APPENDIX I - DERIVATION FOR THMC MODEL WITH CO2 DISSOLUTION
There are three primary chemical species (H2O, H
+, and HCO−3 ) that can represent the
total mass or mole in the chemical reaction system of gaseous CO2 dissolution, in which
there are three aqueous equilibrium reactions and one gas dissolution into aqueous phase.
These can be illustrated by the right hand side of the chemical reaction equations. The three
aqueous chemical complex chemical reactions are controlled by aqueous equilibrium constant,
and the CO2 gas dissolution is controlled by partial pressure and fugacity coefficient. These











































The mass or mole of the secondary aqueous complex can be represented by the primary
species, as shown in the chemical reaction equations. So the total mass or mole of each
primary species can represent the total compositions of the aqueous phase. The mass or
mole of the three secondary aqueous complexes in the aqueous phase can be added to that
of the three primary species. The mathematical formula for the total mass or mole of each
primary species can be expressed as:










































cH+γH+ · cHCO−3 γHCO−3
cH2OγH2O
] (I.6)




κ = 1, ..., NC (I.7)
Three primary aqueous species (H2O, H
+, and HCO−3 ) and one primary gaseous species
(CO2(g)) have been selected to dominate this chemical reaction system (CO2(g) dissolu-
tion), there should be five equations, of which four mass balance equation for all the primary
chemical species, and one saturation index equation to solve dissolution concentration of
CO2 gas. In addition, one energy balance equation is to solve temperature, and one momen-
tum balance equation to solve mean stress. Therefore, the equation system includes seven
main equations which can represent the THMC system (CO2 dissolution) numerically. The












































































+RCO2 + qCO2 = 0 (I.11)


























∇τ − 2(1− 2v)
1 + v
(α∇p+ 3βK∇T ) + F̄ = 0 (I.14)
In the equation system of this THMC model (CO2 dissolution) for CO2 injection, four
mass balance equations are present for three primary aqueous chemical species (H2O, H
+, and
HCO−3 ) and one primary gaseous chemical species (CO2(g)). Every mass balance equation
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has a generation term (R) due to mass gain or loss by chemical reaction between different
phases, especially gas dissolution, which is under equilibrium condition. Therefore, the
source or sink term due to chemical reaction can be expressed mathematically as follows:






3 = cCO2(g) (I.17)
RCO2 = cCO2(g) (I.18)
Seven unknown variables are selected as the primary variable for the fully coupled reactive
solute transport model, i.e., p, cH+ , cHCO−3 , Sg, RCO2(g), T , and τ . Newton-Raphson iteration
method is used to solve the equation system of the fully coupled reactive solute transport
model. The numerical derivatives of mass balance equations by each primary variable forms
Jacobian matrix of the equation system. The incident matrix of one grid cell is taken as an
example to illustrate the Jacobian matrix setup, which is shown in Eq. I.19.
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
× × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × × × × × × ×
× × × ×
× × × × × × × ×
× × × × × ×
× × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × ×
× × × × × × × × × × × ×
× × × × × × × × ×
× × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × × × × × × ×
× × × ×
× × × × × × × ×



















































APPENDIX J - DERIVATION FOR THMC MODEL WITH CHEMICAL EQUILIBRIUM
REACTIONS
There are four primary chemical species (H2O, H
+, HCO−3 , and Ca
2+) that can represent
the total mass or mole in the chemical reaction system of gaseous CO2 dissolution plus calcite
dissolution, in which there are six aqueous equilibrium reactions, one gas dissolution into
aqueous phase and one mineral dissolution into aqueous phase. The six aqueous chemical
complex chemical reactions are controlled by aqueous equilibrium constant, the CO2 gas
dissolution is controlled by partial pressure and fugacity coefficient, and the calcite dissolu-
tion is controlled by equilibrium constant for mineral dissolution. These eight equilibrium

















































































The mass or mole of the secondary aqueous complex can be represented by the primary
species, as shown in the chemical reaction equations. The total mass or mole of each primary
species can represent the total compositions of the aqueous phase. The mass or mole of the
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six secondary aqueous complexes in the aqueous phase can be added to that of the four
primary chemical species. The mathematical formula for the total mass or mole of each
primary species can be expressed as:


































































































































κ = 1, ..., NC (J.13)
Then, the fluid and heat flow, solute transport, geomechanics and geochemistry during
CO2 sequestration will be simulated in the fully coupled numerical model. The example
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of the geochemical system is a equilibrium system (H2O(l)-CO2(g)-CaCO3(s)), including
the equilibrium geochemical reactions among three phases. Geochemical reactions are fully
accounted for by including speciation in the aqueous phase, CO2 dissolution and Calcite
dissolution into the aqueous phase. All of the potential chemical reactions involved in this
geochemical system are set to be equilibrium. The four primary aqueous species (H2O, H
+,
HCO−3 , and Ca
2+), one primary gaseous species (CO2(g)) and one primary mineral species
(CaCO3(s)) have been selected to dominate this chemical reaction system, there should be
seven equations, of which five mass balance equations for all the primary chemical species, one
gas saturation index equation to solve dissolution concentration of CO2 gas, and one mineral
saturation index equation to solve dissolution concentration of CaCO3(s). In addition, one
energy balance equation is to solve temperature, and one momentum balance equation to
solve mean stress. Therefore, the equation system includes nine main equations which can
represent the THMC system (CO2 dissolution + CaCO3(s) dissolution) numerically. The
































































































+RCO2 + qCO2 = 0 (J.18)







































∇τ − 2(1− 2v)
1 + v
(α∇p+ 3βK∇T ) + F̄ = 0 (J.22)
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In the equation system of this THMC model (CO2 dissolution + calcite dissolution) for
CO2 injection, five mass balance equations are present for four primary aqueous chemical
species (H2O, H
+, HCO−3 , and Ca
2+) and one primary gaseous chemical species (CO2(g)).
Every mass balance equation has a generation term (R) due to mass gain or loss by chemical
reaction between different phases, especially mineral dissolution, which is under equilibrium
condition. Therefore, the source or sink term due to chemical reaction can be expressed
mathematically as follows:
RH2O = −cCO2(g) (J.23)
RH
+
= cCO2(g) − cCaCO3(s) (J.24)
RHCO
−




RCO2 = cCO2(g) (J.27)
Nine unknown variables are selected as the primary variable for the fully coupled reactive
solute transport model, i.e., P , cH+ , cHCO−3 , cCa
2+ , Sg, cCO2(g), cCaCO3(s), T and τ . Newton-
Raphson iteration method is used to solve the equation system of the fully coupled reactive
solute transport model. The numerical derivatives of mass balance equations by each primary
variable forms Jacobian matrix of the equation system. The incident matrix of one grid cell
is taken as an example to illustrate the Jacobian matrix setup, which is shown in Eq. J.28.
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
× × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × ×
× × × × × × × × ×
× × × ×
× × × ×
× × × × × × × ×
× × × × × ×
× × × × × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × × × × × × × ×
× × × × × × × × × × × × ×
× × × ×
× × × ×
× × × × × × × × × × × ×
× × × × × × × × ×
× × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × × ×
× × × × × × × × × × × × × × ×
× × × × × × × × ×
× × × ×
× × × ×
× × × × × × × ×































































APPENDIX K - DERIVATION FOR THMC MODEL WITH CHEMICAL KINETIC
REACTIONS
There are four primary chemical species (H2O, H
+, HCO−3 , Ca
2+, SiO2 and AlO
−
2 ) that
can represent the total mass or mole in the chemical reaction system of gaseous CO2 disso-
lution and mineral dissolution/precipitation, in which there are twelve aqueous equilibrium
reactions, one gas dissolution into aqueous phase under equilibrium condition, one mineral
dissolution into aqueous phase under equilibrium condition, and two mineral dissolution
or precipitation into aqueous phase under kinetic condition. The twelve aqueous chemical
complex chemical reactions are controlled by aqueous equilibrium constant, the CO2 gas dis-
solution is controlled by partial pressure and fugacity coefficient, and the calcite dissolution
is controlled by equilibrium constant for mineral dissolution, the kaolinite dissolution/pre-
cipitation and the anorthite dissolution/precipitation are controlled by kinetic reaction rate.




























































































































































































The mass or mole of the secondary aqueous complex can be represented by the primary
species, as shown in the chemical reaction equations. The total mass or mole of each primary
species can represent the total compositions of the aqueous phase. The mass or mole of the
twelve secondary aqueous complexes in the aqueous phase can be added to that of the four
primary chemical species. The mathematical formula for the total mass or mole of each
primary species can be expressed as:










































































































































































































































































































κ = 1, ..., NC (K.25)
Then, the fluid and heat flow, solute transport, geomechanics and geochemistry dur-
ing CO2 sequestration will be simulated in the fully coupled numerical model. The geo-
chemical system is a kinetic reaction system (H2O(l)-CO2(g)-CaCO3(s)-Al2Si2O5(OH)4(s)-
Ca(Al2Si2O8)(s)), including the equilibrium and kinetic reactions among three phases. Geo-
chemical reactions are fully accounted for by including speciation in the aqueous phase,
CO2 gas and calcite dissolutions into the aqueous phase, and kaolinite and anorthite disso-
lution/precipitation into aqueous phase. All of the potential chemical reactions occurring




2+, SiO2 and AlO
−
2 ), one primary gaseous species (CO2(g)) and three primary
mineral species (CaCO3(s), Al2Si2O5(OH)4(s), and Ca(Al2Si2O8)(s)) have been selected to
dominate this chemical reaction system, there should be nine equations, of which seven mass
balance equations for all the primary chemical species, one gas saturation index equation
to solve dissolution concentration of CO2 gas, and one mineral saturation index equation to
solve dissolution concentration of CaCO3(s). In addition, one energy balance equation is to
solve temperature, and one momentum balance equation to solve mean stress. Therefore,
the equation system includes eleven main equations which can represent the THMC sys-
tem (CO2 dissolution + calcite dissolution + Kaolinite dissolution/precipitation + anorthite






































































































































+RCO2 + qCO2 = 0 (K.32)







































∇τ − 2(1− 2v)
1 + v
(α∇p+ 3βK∇T ) + F̄ = 0 (K.36)
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In the equation system of this THMC model (CO2 dissolution + calcite dissolution +
Kaolinite dissolution/precipitation + anorthite dissolution/precipitation) for CO2 injection,
seven mass balance equations are present for six primary aqueous chemical species (H2O,
H+, HCO−3 , Ca
2+, SiO2 and AlO
−
2 ) and one primary gaseous chemical species (CO2(g)).
Every mass balance equation has a generation term (R) due to mass gain or loss by chemical
reaction between different phases, especially mineral dissolution and precipitation, which are
under equilibrium or kinetic condition. Therefore, the source or sink term due to chemical
reaction can be expressed mathematically as follows:
RH2O = −cCO2(g) + rAl2Si2O5(OH)4(s)∆t (K.37)
RH
+
= cCO2(g) − cCaCO3(s) + 2rAl2Si2O5(OH)4(s)∆t (K.38)
RHCO
−
3 = cCO2(g) + cCaCO3(s) (K.39)
RCa
2+
= cCaCO3(s) + rCa(Al2Si2O8)(s)∆t (K.40)
RSiO2 = 2rAl2Si2O5(OH)4(s)∆t+ 2rCa(Al2Si2O8)(s)∆t (K.41)
RAlO
−
2 = 2rAl2Si2O5(OH)4(s)∆t+ 2rCa(Al2Si2O8)(s)∆t (K.42)
RCO2 = cCO2(g) (K.43)
Eleven unknown variables are selected as the primary variable for the fully coupled reac-
tive solute transport model, i.e., P , cH+ , cHCO−3 , cCa
2+ , cSiO2 , cAlO−2 , Sg, cCO2(g), cCaCO3(s), T
and τ . Newton-Raphson iteration method is used to solve the equation system of the fully
coupled reactive solute transport model. The numerical derivatives of mass balance equa-
tions by each primary variable forms Jacobian matrix of the equation system. The incident
matrix of one grid cell is taken as an example to illustrate the Jacobian matrix setup, which
is shown in Eq. K.44.
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∆P1
∆c
H+,1
∆c
HCO
−
3 ,1
∆c
Ca2+,1
∆cSiO2(aq),1
∆c
AlO
−
2 ,1
∆Sg,1
∆RCO2(g),1
∆RCaCO3(s),1
∆T1
∆τ1
∆P2
∆c
H+,2
∆c
HCO
−
3 ,2
∆c
Ca2+,2
∆cSiO2(aq),2
∆c
AlO
−
2 ,2
∆Sg,2
∆RCO2(g),2
∆RCaCO3(s),2
∆T2
∆τ2
∆P3
∆c
H+,3
∆c
HCO
−
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∆c
Ca2+,3
∆cSiO2(aq),3
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AlO
−
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∆Sg,3
∆RCO2(g),3
∆RCaCO3(s),3
∆T3
∆τ3
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RH2O,1
R
H+,1
R
HCO
−
3 ,1
R
Ca2+,1
RSiO2(aq),1
R
AlO
−
2 ,1
RCO2(g),1
FCO2(g),1
FCaCO3(s),1
RT,1
M1
RH2O,2
R
H+,2
R
HCO
−
3 ,2
R
Ca2+,2
RSiO2(aq),2
R
AlO
−
2 ,2
RCO2(g),2
FCO2(g),2
FCaCO3(s),2
RT,2
M2
RH2O,3
R
H+,3
R
HCO
−
3 ,3
R
Ca2+,3
RSiO2(aq),3
R
AlO
−
2 ,3
RCO2(g),3
FCO2(g),3
FCaCO3(s),3
RT,3
M3
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(K.44)
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